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Abstract
In the current work a detailed spectroscopic investigations of the gamma-decays from
the excited states of the rare-earth nucleus 159Er has been performed to study the
structural properties up to possible ultrahigh spins. The nucleus of 159Er had been
populated by the reaction 116Cd(48Ca,5nγ) at beam energy of 215-MeV in an exper-
iment at Argonne National Laboratory using the Gammashphere array. Following
a hypercube analysis of the collected data, new rotational bands were observed and
the previously reported bands were extended up to possible spin through observation
of new gamma-ray transitions in coincidence with the existing sequences. Possible
angular intensity-ratio, B(M1)/B(E2)-ratios, measurements have been performed to
confirm the nature of previously observed transitions and to assign multipolarites of
the new ones. The band structures are discussed within the framework of cranked
shell model calculations, revealing a diverse range of quasiparticle configurations. At
spins of around 50h¯, there is evidence for a change from dominant prolate collective
motion in the yrast band and its signature partner to oblate non-collective struc-
tures via the mechanism of band termination. A possible strongly deformed triaxial
band occurs at these high spins, which indicate collectivity beyond 50h¯. The high-spin
structures of data are interpreted within the framework of cranked Nilsson-Strutinsky
calculations.
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Chapter 1
Introduction
1.1 Introduction
The developments in gamma-ray spectrometers have allowed achievements in the un-
derstanding of the structure of nuclei upto ultrahigh spins. The work in the present
thesis focuses on the analysis of gamma decays detected by the Gammasphere array
from the (5nγ) reaction channel of the fusion evaporation reaction in an experiment
between a beam of 48Ca at energy 215 MeV provided by the ATLAS facility and a
target of two self-supporting 116Cd foils with a total thickness 1.3mg/cm3 at Argonne
National Laboratory. The present reaction channel corresponds to the population of
the 159Er nucleus. The spectroscopic investigation revealed new gamma-ray transi-
tions which are fitted into four new bands (three bands in the current work and a band
with high moment of inertia which has been reported in [Oll09]) and into the previ-
ously known bands [Del87, Sim98]. The experimental results have been interpreted
in terms of the Cranked Shell Model and at high spin the structure of the bands com-
pared with the predictions of Cranked Nilsson-Strutinsky calculations. This thesis
comprises of another five chapters; Chapter 2 introduces the concepts and nuclear
models that are used to describe the nuclear system. The nuclear shell model, spheri-
cal shell model and nuclear potentials, nuclear deformation, Nilsson model, Strutinsky
shell correction procedure and Pairing and quasiparitcles are explained. In chapter 3,
1
2the nuclear rotation, mechanisms of the generation angular momentum and cranking
models have been introduced. Chapter 4 is devoted to common experimental details;
the mechanism of fusion evaporation reactions and gamma-ray interactions with mat-
ter, gamma-ray detectors and the Gammasphere array as well as the experimental
techniques that have been used to analyse the gamma decays from the excited states
of the populated nucleus 159Er. The details of the experimental results extracted from
the gamma-ray spectroscopic analysis of 159Er are discussed in chapter 5, and finally
in chapter 6 the experimental results have been interpreted as mentioned in terms
of the cranked shell model and Nilsson-Strutinsky calculations. This work has been
published by M. Mustafa et al., in PRC 85, 054320 (2011), [Mus11].
Chapter 2
Nuclear Models
2.1 Introduction
The concepts of the compound nucleus and of bulk properties of nuclei, such as the
distribution of nuclear matter within nucleus, can be considered as the principles of
the first thought to describe the nuclear interactions between the constituents of the
nucleus to be of short-range as in an incompressible drop of charged liquid. This
assumption led Weizsa¨cker to devise a formula in 1935 for the nuclear binding energy
and mass of the nucleus using a semi-classical method [Wei35]. This description of
the nucleus was considered to be the first nuclear structure model, which is known
as the Liquid Drop Model (LDM). In this model the binding energy and mass of the
nucleus vary smoothly with the atomic mass (A) of nucleus. The (LDM) model was
very successful in explaning the systematic behaviour of the average binding energy
per nucleon, and gives reasonable interpretations for some phenomena related to the
fission of heavy nuclei. In spite of the above mentioned successes, the experimental
observations revealed some results that were not consistent with the predictions of
the model. In particular, the appearance of extra binding in some nuclei at specific
proton and neutron numbers (2, 8, 20, 28, 50, 82 and 126), that are now called magic
numbers. This suggests a limitation of the linear relationship of nuclear properties
with atomic number (Z) at magic numbers that correspond to the closed shells in
3
4nuclei. Furthermore, the model could not treat the natural behaviour of deviation
from a spherical shape in the ground state of some nuclei. Because of these discrep-
ancies, and observations of remarkable experimental evidence for shell structure and
single particle behaviour in the nuclei, like in atomic physics, that could not inter-
preted by the (LDM), an enhancement of the model, to introduce the single particle
behaviour of nuclei, which will be presented in this chapter in the form of the shell
model which describes the microscopic properties of nuclei under the influence of
quantum mechanics.
2.2 The Nuclear Shell Model
The successes of the shell model in atomic physics led to the attempts to interpret
discrepancies in nuclear binding energies at closed shells. Therefore, nuclear physicists
tried to use similar concepts of shells in the nucleus. Thus, the structure of the nucleus
is characterised by energy and quantum numbers of the nuclear shells, in the Nuclear
Shell Model. The model assumes that individual nucleons (proton or neutron) move
independently from each other in a potential created by the average interaction of
all the other nucleons in the nucleus. The individual nucleons are distributed into
the nuclear shells, and occupy the energy levels of the shells according to increasing
energy and the specified quantum numbers of the shell. The distribution of nucleons
obeys the Pauli Exclusion Principle which states that “no two identical fermions can
occupy the same quantum state”. The existence of shell structure in the nucleus is
supported by several experimental pieces of evidence outlined in the following:
• Deviation of the measured nuclear masses at certain nucleon numbers, (the
proton and neutron magic numbers at closed shells) from of the liquid drop
model.
• Proton magic nuclei are of high relative natural abundance.
• Nuclei with proton or neutron magic numbers exhibits sharp increase (disconti-
5nuity) in nucleon separation energies compared with the prediction of the liquid
drop model. This indicates that to excite nucleons from the closed shell to a
higher shells requires a large energy, and the separation energy will be largest
for doubly magic nuclei.
• The high lying excitation energy of the first excited state 2+ in proton or neutron
(either or both) magic numbers even-even nuclei.
• Variation of the measured reduced electromagnetic probability B(E2:2+→ 0+)
for even-even nuclei. It is of the lowest value at closed shells and will be high-
est at mid-shells. Through this measurement, one can calculate the electric
quadrupole moments and deformation parameters, which indicate deviation
from a spherical shape in nuclei.
The motion of individual independent nucleons in the nucleus was addressed by using
a non relativistic Schrodinger equation with a central potential, and the energy of
nuclear system described by Hamiltonian.
H =
∑
i
Ti +
∑
i
V (ri) (2.1)
The first term in equation of energy
∑
i Ti represents the sum of the kinetic energies of
individual nucleons and the second tem
∑
i V (ri) is the form of the average potential
energy between interacting nucleons.
2.3 Spherical Shell Model and Nuclear Potential
Many attempts have been made at modelling the nuclear shell model with different
nuclear potentials to explain the observed energy levels and predict the correct magic
numbers that correspond to shell closures. The success of the shell model depends
on the choice of nuclear potential. The characteristics of the interaction potential
between the nucleons identifies the form (shape) of the nucleus and naturally produce
the gap between the energy levels of the nuclear shells at magic numbers. The use
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Figure 2.1: An illustration of three potential wells used to model the nuclear poten-
tial. V0 is the well depth, r the distance from the origin, and ro the nuclear radius.
of a central potential, which is spherically symmetric, gives a spherical shape to
the nucleus, and introduces the nuclear system in spherical shell model. The most
commonly used potentials in the spherical shell model are the square well, harmonic
oscillator and Woods-Saxon potentials, illustrated in Figure 2.1. The Hamiltonian
in spherical coordinates has been solved with these potentials, to identify energy
levels and group them in the experimentally observed shell closures. The simplest
description for a nuclear potential is the square-well potential. This potential has
infinite limit with sharp edges and does not produce the experimentally observed
magic numbers, so it will not be outlined in the following sections.
2.3.1 Harmonic Oscillator Potential
The harmonic oscillator potential provides a successful description for the nuclear
shell model. However it is an unphysical potential as the nuclear force has no presence
outside the nucleus. The harmonic oscillator potential is given by [Rin80]:
VHO(r) = −Vo
[
1−
(
r
R0
)2]
=
1
2
mω20(r
2 −R20) (2.2)
7where R0 is the nuclear radius, V(r)= 0 for r > R0. V0 =
m
2
ω20 is the depth of
the potential well, m is the mass of a nucleon and ω0 is the oscillator frequency of
the particle in simple harmonic motion. The eigenvalues of the Hamiltonian for the
harmonic oscillator potential are given by:
EN =
(
N +
3
2
)
h¯ω0 + V0 (2.3)
and
N = 2(n− 1) + l (2.4)
where N is the oscillator quantum number, n is the radial quantum number, and l is
the orbital angular momentum quantum number. The value of N in each oscillator
shell degenerates to a set of levels, with either even or odd values of the allowed
orbital angular momentum (l=N, N-2,.......,1 or 0). The equally-spaced levels (major
shells) could be occupied by maximum number (N+1)(N+2)of identical nucleons.
The parity of each level is given by:
pi = (−1)l = (−1)N (2.5)
The labelling of the levels and the occupation limit of the shells of harmonic oscillator
potential are illustrated in table 2.1.
N Allowed l Level Label (n,l) EN(h¯ω0) Occupation
∑
2(2l + 1) Total
0 0 1s 3/2 2 2
1 1 1p 5/2 6 8
2 2, 0 1d, 2s 7/2 12 20
3 3, 1 1f , 2p 9/2 20 40
4 4, 2, 0 1g, 2d, 3s 11/2 30 70
5 5, 3, 1 1h, 2f , 3p 13/2 42 112
6 6, 4, 2, 0 1i, 2g, 3d, 4s 15/2 56 168
Table 2.1: Occupation of harmonic oscillator shells.
The Harmonic oscillator potential with this description only produces the first
three magic numbers (2, 8 and 20). Nevertheless, the model has been modified to
8a more realistic form with contributions of an attractive term l2 and a spin-orbit
interaction. The l2 term refines the shape of the potential to an intermediate shape
between the square well and harmonic oscillator potentials and lowers the energy
levels of the higher orbital angular momentum states, as illustrated in the middle
part of Figure 2.1. The latter term will be disused in the next section.
2.3.2 Spin Orbit Interaction
The effect of the total angular momentum of each single nucleon in the nucleus has
been taken into account (increased) using the harmonic oscillator potential by Mayer
and Haxel [May49], Jensen and Suess [Hax49], in the form of a spin-orbit interaction,
VSO = −f(r)l.s (2.6)
where, l and s are the orbital angular momentum and intrinsic spin quantum numbers
for the single nucleons respectively, and f(r), is the strength of interaction, which is
given by
f(r) = λ
1
r
dV (r)
dr
(2.7)
The inclusion of a spin-orbit interaction, splits each degenerate level (l ≥ 1) according
to the orientation of the spin and orbital angular momentum coupling. Each state
can be filled with the 2j+1 nucleons. This interaction lowers the energy of the j = l
+ 1/2 state relative to that of the j = l - 1/2 state for each allowed value of orbital
angular momentum. The magnitude of the interaction (splitting) is proportional to
the value of the orbital angular momentum (l). Therefore, the states of higher j, in
the f , g, h and i levels, intrude to the top of the lower shells as the energy of the l +
1/2 state is lowered. The potential leads to a grouping of those intruder states with
the opposite parity states in the lower shell and determines the maximum number of
identical nucleons in each major shell. The energy levels are reordered to produce all
the experimentally observed magic numbers, as shown in the right side of Figure 2.2.
The spherical shell model achieved its success by explaining shell closures and the
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Figure 2.2: Single particle energy levels of the harmonic oscillator potential with the
effects of l2 term and spin-orbit interaction.
assignment spin and parity of nuclear states. It also predicts nuclear magnetic dipole
and electric quadrupole moments of the (near) spherical nuclei near closed shells.
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2.3.3 Woods-Saxon Potential
The Woods-Saxon (WS) potential is considered to be the most realistic form of the
nuclear potential compared with the infinite square well and harmonic oscillator po-
tentials. The shape of this finite potential is most likely as it follows distribution of
the nuclear matter, smoothly vanishes outside the nucleus. It has the form [Woo54],
VWS(r) =
−V0
1 + exp[
r−R0
a ]
(2.8)
where V0 is the depth of the potential. R0 and a are the radius and the surface dif-
fuseness of the nucleus respectively. The Woods-Saxon potential will produce energy
levels the same as of the harmonic oscillator potential with the l2 term, and reproduce
the correct magic numbers with the addition of a spin-orbit interaction.
2.4 Nuclear Deformation
The spherical shell model has been successful in predicting the single particle prop-
erties for nuclei near closed shells. Despite these successes, discrepancies have been
observed between the theoretical predictions and experimental results with increas-
ing numbers of nucleons outside closed shells. For instance, the nuclear quadrupole
moment in the ground state has been found to change with nucleon number between
major shells and is very large for certain nuclei. This behaviour is clear evidence for
existence of static deformation in nuclei with atomic masses A ∼= 25, 150 < A < 190
and A > 220. Thus the nuclear potential deviates from its spherical symmetry to
a deformed shape. The shape of a deformed nucleus can be parameterised through
the expansion of the nuclear radius R(θ, φ) in polar coordinates in terms of spherical
harmonics Yλ,µ(θ, φ),
R(θ, φ) = Ro
1 + ∞∑
λ=0
λ∑
µ=−λ
αλµYλµ(θ, φ)
 (2.9)
Where Ro is the radius of the sphere of the same volume of the deformed nucleus
and αλ,µ are coefficients of multipole expansions that describe the distortions of the
11
nuclear surface with respect to the equilibrium shape. Coefficients of λ=0 and λ=1
corresponds to the conservation and translation of the nuclear volume respectively,
were assumed to be equal to zero. The most significant deformations occur in nuclear
shape with λ=2, quadruple deformation, which describes the elongation of axially
symmetric shape of the nucleus. The five coefficients of α2µ can be written in,
α20 = β2cosγ, α21 = α2−1 = 0, α22 = α2−2 =
1√
2
β2sinγ (2.10)
where β2 represents quadrupole deformation parameter of the nucleus and γ indi-
cates the triaxiality of the nucleus and corresponds to the deviation from the axial
symmetry. The various shapes of the nucleus in the (β2, γ) coordinates can be repre-
sented by Lund conversion [And76], as in Figure 2.3. For quadrupole deformations,
the axially symmetric collective shapes are prolate at γ = 0◦ or oblate at γ = −60◦,
while the non collective shapes can be seen at γ = −120◦ and 60◦ respectively. The
triaxial shapes of the deformed nucleus along z-axis can be observed in the sector of
the (β2, γ) plane, when triaxial parameter changes between angles 0
◦ < γ < 60◦.
Spherical
Oblate
Non−collective
Collective
prolate
Collective Oblate
Non−collective
Prolate
β
γ
γ=60
γ=0
γ=−60
γ=−120ο
o
o
o
Figure 2.3: The Lund convention for the quadrupole deformation shapes in nuclei.
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2.5 The Anisotropic Harmonic Oscillator Poten-
tial
The deformed potential is used to describe nuclei with shapes deviated from sphericity.
The potential for axially symmetric nuclei along z-axis (x = y 6= z) is represented by
anisotropic harmonic oscillator [Nil69],
VAHO =
1
2
M
[
ω2⊥(x
2 + y2) + ω2zz
2
]
(2.11)
where ω⊥ and ωz are the oscillator frequencies in the directions parallel and per-
pendicular to the symmetry axis respectively. They can be related to the oscillator
frequency in the spherical case ω0 and to the deformation parameter ε,
ωz ≈ ω0
[
1− 2
3
ε
]
, ω⊥ ≈ ω0
[
1 +
1
3
ε
]
(2.12)
Thus, the oscillator frequencies ensure the volume conservation ω30 = ω
2
⊥ωz. The os-
cillator frequency ω0 can be deduced from the energy difference between two adjacent
major shells and the expectation value of the nuclear radii for protons and neutrons
[Won98],
h¯ω0 = 41A
−1/3
[
1± N − Z
3A
]
MeV (2.13)
The numerical values for nuclear wave functions show that ω0 has isospin dependence,
so the positive sign used for neutrons and negative sign for protons. Nilsson [Nil55]
transformed the problem of the anisotropic harmonic oscillator potential to stretched
coordinates (ξ, η, ζ), in order to introduce the deformed potential in terms of the
deformation ελ parameters and the angle of the stretched coordinates. The potential
for the λ = 2 case is given by [Nil69],
VAHO =
1
2
h¯ω0(ε2)ρ
2
[
1− 2
3
ε2P2(cos(θt)
]
(2.14)
The parameter ρ is defined as the radius in the stretched coordinates, ρ2 = ξ2+η2+ζ2,
θt = cos
−1( ζ
ρ
), and ε2 is the quadrupole deformation in the stretched coordinates,
which is approximately equal to 0.95β2. To account for hexadecapole deformation
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the ε4ρ
2P4(cosθt) term is added to the potential. The eigenvalues of the Hamiltonian
for the anisotropic harmonic oscillator potential are given by:
ENnzn⊥ ≈
(
N +
3
2
)
h¯ω0 − 1
3
ε(2nz − n⊥)h¯ω0 (2.15)
and
N = nz + n⊥ (2.16)
Where N is the major oscillator quantum, nz is the number of oscillation quanta
in the wave function along the symmetry axis. The single particle eigenstates in the
deformed nuclear potential are labelled with asymptotic quantum numbers [NnzΛ]Ω
pi,
Λ and Ω are the projections of the orbital and total angular momentum onto the
symmetry axis respectively, and pi is the parity of states identified by −1N . The
projection of total angular momentum on the symmetry axis is defined Ω = Λ±Σ =
Λ ± 1
2
, where Σ is the projection of the intrinsic spin of the single particle onto the
symmetry axis. Figure 2.4 illustrates this for a deformed axially symmetric nucleus
in the absence of rotation.
x
z
ω
Ω
j
ΣΛ
s
l
Figure 2.4: Illustration of the labelling of orbitals in the Nilsson model.
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2.6 Nilsson Model
Nilsson introduced a unified nuclear model to describe the structure of the nucleus
in a deformed potential and explain the behaviour of the single particle states with
deformation. The potential that has been used in the Nilsson model is based on the
anisotropic harmonic oscillator potential with contribution of a spin-orbit interaction
and a l2 term, which is known as Modified Harmonic Oscillator (MHO) potential or
Nilsson Potential. Its most common form is written as;
VMHO = VAHO − κh¯ω
[
2l.s+ µ(l2 − 〈l2〉N)
]
(2.17)
where κ and µ are adjustable coupling parameters, which are estimated for each
major shell differently by fitting with the observed energy levels of the deformed
nuclei experimentally. The κh¯ω[2l.s + µ(l2 − 〈l2〉N) term is added to reproduce the
correct magic numbers and restore the spacing between two adjacent major shells as
in the case of the spherical nucleus. Furthermore, the Nilsson potential splits each
j shells in the spherical shell model at zero deformation into j + 1/2 and j − 1/2
states. Each state is specified by the projection of total angular momentum on the
symmetry axis Ω and its parity pi , which are the only conserved quantum numbers,
and the states are twofold degenerate according to ±Ω. In the Nilsson model, the
eigenvalues of Hamiltonian are represented as the diagrams of single particle energies
of the nucleons as a function of quadrupole deformation, known as Nilsson diagrams.
Figures 2.5 and 2.6 show Nilsson diagrams for neutrons and protons respectively. The
energy of the eigenstates changes according to the spatial orientation of the orbits
with respect to the nuclear symmetry axis. The levels of lowest Ω value are from the
highest possible nodes of the wave function in the direction of the symmetry axis and
their energies decrease with increasing prolate deformation, while the levels of higher
Ω value are higher in energy and have a lower nz value, (N = nz+Λ, where Λ can be
only 0 or 1 with a lowest energy level). On the other hand, for oblate deformation the
low Ω eigenstates are of the higher energy than of the high Ω eigenstates. In Nilsson
diagrams, the degenerated proton and neutron states arising from the same spherical j
15
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Figure 2.5: Nilsson diagram of single-neutron energies (50 < N < 82) as a function
of the quadrupole deformation parameter ε2. Full and dashed lines correspond to
positive and negative parity respectively, [Fir96].
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Figure 2.6: Nilsson diagram of single-proton energies (50 < N < 82) as a function
of the quadrupole deformation parameter ε2. Full and dashed lines correspond to
positive and negative parity respectively, [Fir96].
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shell are different in energy because of the isospin dependency of anisotropic harmonic
oscillator. However at certain deformations low density regions of single particle states
arises (deformed magic numbers) in the Nilsson spectra as a consequence of repulsive
interaction between states of the same Ωpi. These states approach each other and
interchange the properties of their wave functions according to the Pauli Exclusion
Principle.
2.7 The Strutinsky Shell Correction Procedure
In the previous sections, the nucleus has been described using two different concepts.
The liquid drop model takes into account the contribution of all nucleons in the
nucleus to calculate the nuclear binding energy and the macroscopic properties of the
nucleus. In contrast, the shell model assumes that the protons and neutrons move
in individual orbitals independently from one another in a certain average nuclear
potential from all other nucleons in the nucleus. Particular nuclear properties can be
identified from the behaviour of the specific single particles near to the Fermi surface.
It is clear that both models ignore the influence of each other in the calculation
of the total energy of the nucleus. This discrepancy led Strutinsky to propose the
shell correction procedure [Str67, Str68] to obtain accurately the total energy of the
nucleus and the nuclear ground state energies as a function of deformation. The
shell correction procedure combines the successful features of the two models, in
which, Strutinsky added an oscillatory energy from the microscopic shell model to
the predicted nuclear binding energy from the liquid drop model.
E = ELDM +∆Eshell (2.18)
This oscillatory energy (∆Eshell) arises from the fact that the nuclear binding energy
per nucleon depends on the level density close to the Fermi surface. In the shell model
the energy levels are grouped together with a separation between the major shells.
When the Fermi surface is located near a region of low level density the binding
energy of the nucleus is stronger than when it is near a region of high level density.
18
This correction in the model enabled the nuclear ground state energies as a function
of deformation to be determined accurately, which are generally presented in the form
of the potential energy surfaces of the nucleus.
2.8 Pairing and Quasiparticles
The pairing correlation is the characteristic of the strong nuclear force in the form of
a short-range component between any two nucleons, which originates from the spatial
overlap of the identical particles with the same quantum numbers and opposite spins,
consequently their angular momenta couple to I = 0. The inclusion of the pairing
interaction to the nuclear structure model was the key answer for a number of out-
standing experimental observations, which could not be interpreted in the framework
of the single particle shell models. For instance;
• The spin and parity (Ipi) of the ground state in all even-even nuclei is 0+.
• The energy difference between the first non-collective excited state and the
ground state in even-even and even-odd nuclei.
• The differences in masses and binding energies of even-even and even-odd nuclei
are related to the odd-even effect, the role of the last nucleon in the pairing
regime. The masses of odd-even nuclei are higher than the average mass of the
two neighbouring even-even nuclei, while in even-even nuclei all nucleons are
paired and have higher binding energies.
• Nuclei in the region near the closed shells or close to closed shells preserve a
spherical shape, because the influence of the pairing force overcomes the ten-
dency to deform.
• The moment of inertia of rotational band structures at low spin in deformed
nuclei are approximately one third of the calculated value of the rigid-body
rotor.
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Figure 2.7: The left figure illustrates a pair of nucleons in time reversed orbital
(a), scattered into another time reversed orbital (b). The figure on the right side
illustrates the single particle occupation probability as a function of single particle
energy and explains the effect of pairing correltion on the Fermi surface.
The Pauli Exclusion Principle does not allow paired particles to orbit in the same
level, so each nucleon in a pair orbits in the time reversed orbits and to complete one
orbit they scatter twice into free orbits of a different energy state near to the Fermi
surface, as illustrated in Figure 2.7. Thus the scattered pairs in the time reversed
orbits smear the Fermi surface in the energy domain over an energy of twice the
pairing gap (∆), and this simultaneous interaction process will produce a mixture of
occupied (particle) and unoccupied (hole) states below and above Fermi surface.
This scattering model is considered as the fundamental concept to introduce quasi-
particles, which represent the partially occupied (particle-hole) states with unity oc-
cupation probability in terms of the probability of fullness V 2i and emptiness U
2
i of the
orbits. Therefore the particle-hole excitation is replaced by the simultaneous creation
and annihilation operator of quasiparticles. The quasiparticle energy of a state i in
the presence of paring interaction is given by;
Ei =
√
(i − λ)2 +∆2 (2.19)
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where, i is the single-particle energy, λ is the Fermi energy and ∆ is pair gap which
has different values for protons and neutrons. It is of lower value for former because
of the repulsive Coulomb interaction.
Chapter 3
Nuclear Rotation
3.1 Introduction
Rotation of spherically symmetric nuclei in space is forbidden in quantum mechanics,
as those nuclei are invariant under rotation. When the shape of nucleus deviates
from spherical symmetry, as shown in Figure 3.1, it possesses a deformed shape
and rotates around one of the axes (x or y) perpendicular to the symmetry axis
(z). Hence, the angular momentum of the rotated nuclear system is generated in
two different mechanisms, non-collective excitation of unpaired valence nucleons and
collective excitation of the rotating core (paired nucleons). Therefore, this chapter will
introduce some basic concepts of nuclear rotation and discuss the interplay between
collective and single particle modes to describe nuclear structure phenomena observed
from the experimental spectra of the rotating nucleus.
3.2 Non-Collective Single Particle Excitation
In the region close to the closed shells, nuclei have spherical or near spherical shapes.
Nuclear angular momentum in these nuclei is only generated non-collectively, by the
alignment of the individual spins of the valance nucleons along the rotation axis which
coincides with to the symmetry axis, as shown in Figure 3.2a. This mechanism gives
21
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Figure 3.1: Illustrates rotation of an axial symmetric nucleus around an axis per-
pendicular to the symmetry axis, and its angular momenta projections.
rise to a large value of total angular momentum (J) of the nucleus corresponding to the
sum of the single particle contributions of high j and large Ω orbitals near to the Fermi
surface. Nuclear excited states that are based on this mode of angular momentum
generation are known as single particle excited states which can be observed in both
spherical and deformed nuclei.
3.3 Collective Excitation
The deformed nucleus rotates collectively around an axis perpendicular to the symme-
try axis. All nucleons in the rotating core contribute to generate angular momentum
coherently, which increases with rotational velocity of the nucleus. The total angular
momentum of the nucleus, is identified from the vector coupling of angular momenta
which is generated by the single particle contributions of the valance nucleons J, and
of the rotated core R, as illustrated in Figure 3.1.
I = R+ J (3.1)
The projection of total angular momentum onto the rotation axis Ix is defined as;
Ix =
√
I(I + 1)−K2 (3.2)
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Figure 3.2: (a) Generation of angular momentum and single particle excite states
in a near spherical nucleus 147Gd as a consequence of single particle excitation. (b)
Collective rotation in a deformed nucleus to generate angular momentum collectively
and exhibit a rotational band in 158Er.
Where, K is the projection of total angular momentum onto the symmetry axis.
The collective rotation of an axially symmetric deformed nucleus exhibit different se-
quences of rotational spectra between successive sets of intrinsic nuclear excited states,
known as rotational bands of different static moment of inertia J , their energies are
given by:
E(I,K) =
h¯2
2J [I(I + 1)−K
2] (3.3)
Single nucleons can not build angular momentum in even-even deformed nuclei up
to spin 10-12h¯, because all nucleons are paired in the ground state. For K=0 band,
rotational energy in the above relation can be expressed as:
E(I) =
h¯2
2J I(I + 1) (3.4)
In a rotational band,as shown in Figure 3.2b. A transition occurs between any two
successive states separated by angular momentum of 2h¯, which leads to the emission
24
of gamma-ray with energy,
Eγ = E(I)− E(I − 2) = h¯
2
2J (4I − 2) (3.5)
3.4 Rotational Frequency and Moment of Inertia
In the experimental investigation of high spin states, the behaviour of a rotating
deformed nucleus is usually described in terms of rotational frequency. The rotational
frequency is related to the energy difference between successive states of a rotational
band, and approximately equal to half the energy of the emitted gamma-ray [Ray73];
h¯ω =
dE
dIx
=
∆(EI − EI−2)
∆I
=
Eγ
2
(3.6)
This quantity varies with angular velocity, as a consequence of the changes that occur
in the structure of a deformed nucleus during rotation. So, to explain the behaviour
of rotating deformed nucleus, Bohr and Mottelson [Boh81] introduced kinematic J (1)
and dynamic J (2) moments of inertia. The kinematic moment of inertia describes
the rotating system of the deformed nucleus and is defined as:
J (1) =
[
2
h¯2
dE(I)
dIx
]−1
= h¯
I
ω
(3.7)
The dynamic moment of inertia J (2) explains the influence of competition between
interactions that are taking place in the structure of rotational bands in a deformed
nucleus during rotation, and is defined as:
J (2) =
[
1
h¯2
d2E(I)
dI2x
]−1
= h¯
dI
dω
(3.8)
J (1), can be related to energy of the gamma-ray emitted in the rotational band for a
given spin value,
J (1) = h¯2 (2I − 1)
Eγ
(3.9)
In addition, J (2) can be calculated from the energy difference between of consecutive
gamma-ray,
J (2) = 4h¯
2
∆Eγ
(3.10)
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Therefore, it is clear that J (2) does not depend on the spins of the excited states of
the rotational band.
3.5 Particle-Rotor Coupling
The particle-rotor model [Ste72] is based on the prediction of Mottelson and Valatin
[Mot60] for the Coriolis force. When the deformed nucleus rotates around the axis
perpendicular to the symmetry axis, this Coriolis force tries to decouple the valance
nucleons that are bound to the rotating deformed core of the nucleus. The maximum
Coriolis force exerted on a particular valence nucleon with angular momentum j, in
the potential of a deformed rotating nucleus of total angular momentum I can be
defined as [Ste75],
EmaxCor ≈ (
h¯2
J )J.I (3.11)
The above relation illustrates that the nucleons in high j orbitals (intruder orbitals)
are very sensitive to this force. In the particle rotor model, the motion of nucleonic
system (a valence nucleon and a core of the paired nucleons) is only constrained by
the strength of the potential of the deformed core and the Coriolis force which is
induced by the rotation of the nucleus. There are two different coupling limits: the
deformation aligned limit (DAL) and the rotational alignment limit (RAL). Figure
3.3 illustrates the two coupling limits.
In the case of deformation aligned limit (DAL), when the nuclear system rotates
slowly, the Coriolis force is not strong enough to overcome the potential strength
of the rotating nuclear core. The strength of the latter is still sufficiently high to
maintain motion of the unpaired valance nucleon with the deformation of the core. In
addition, the coupled pairs of valence nucleons with opposite spins are oriented along
the symmetry axis of the deformed potential. Thus, the angular momentum vector j
of the unpaired nucleon precesses around the symmetry axis of the deformed potential
of the rotating nucleus, as shown in Figure 3.3a. When, the angular velocity of the
rotating nuclear system becomes higher compared to the internal nucleon motion,
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Figure 3.3: Particle rotor coupling scheme (a) Deformation aligned and (b) Rota-
tional alignment.
the rotational frequency will increase as well as the Coriolis force which predominates
over the deformed potential of the core. The unpaired valence nucleon is affected
by the Coriolis force, and it will be decoupled from the deformed core and finally
its angular momentum vector j couples with the rotation axis of the potential of the
rotating uncles. The coupling scheme in the rotating nuclear system changes to the
rotational alignment limit (RAL) as shown Figure 3.3b. Moreover, the Coriolis force
becomes strong enough to act on the angular momenta of the paired valence nucleons
and decouples the pairing correlation between the two nucleons. The paired nucleons
in high j, low Ω orbitals will be affected first. Consequently the angular momenta
of the decoupled pair of nucleons aligns with the collective angular momentum of
the rotating core, along the rotation axis of the deformed potential. This results in
a decrease in the rotational frequency and an increase in the moment of inertia of
the rotating nucleus. This causes the back-bending phenomena [Joh71, Gro73] in the
structure of the rotational band. This mechanism can generate angular momentum
up to ultra-high spins.
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3.6 The Cranking Model
The Cranking model was introduced by Inglis [Ing54, Ing56], to explain the micro-
scopic description of behaviour of the rotating nucleus around an axis of rotation,
perpendicular to the symmetry axis, under influence of a deformed nuclear potential
field along the symmetry axis. In the Cranking model single-particle and collective
excitations of the nucleus are taken into account as independent particles moving in a
rotating potential with constant angular velocity ω. The energy of independent single
particles in the rotating system has been identified by using a cranking Hamiltonian
(Routhian). The transformation of the intrinsic coordinate system to the rotating
frame reference is through the rotation operator.
Rˆx = exp
−iωtix (3.12)
The cranking Hamiltonian for an independent single particle takes the following form:
hω = hint − h¯ωix (3.13)
The cranking Hamiltonian over all the independent single particles of the system
defines the total cranking Hamiltonian of the rotating nucleus as,
Hω =
∑
hω = Hint − h¯ωIx (3.14)
Where, Hint is sum of the single particle Hamiltonians in the intrinsic frame of ref-
erence, and Ix represents the sum of the projections of all single particle angular
momenta onto the rotation axis. The term h¯ωIx in the above equation represents
Coriolis and centrifugal forces in the rotating coordinate system. The effect of this
term has been taken into account for single particle energies of the deformed shell
model (Nilsson model) by Bengtsson and Frauendorf [Ben79], and introduced in the
form of the Cranked Shell Model (CSM). The various forms of CSM [Naz85, Cwi87]
can be used to interpret the structure of nuclei at high angular momentum, in terms
of quasiparticle configurations and either quasiparticle or single particle Routhains
for protons and neutrons independently, as in the case of 159Er that will be presented
in chapter six.
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3.7 Nuclear Symmetries
In the introduction of rotation to an axially symmetric nucleus, the two fold degen-
eracy of Nilsson orbits with respect to time reversal symmetry (±Ω) is broken by the
Coriolis force and results in Nilsson orbits split into two single particle levels. The
splitting between the two levels depends on the projection of the single particle angu-
lar momentum onto the rotation axis corresponding to that orbit, and increases with
rotational frequency. Consequently, the only remaining symmetries for the cranking
Hamiltonian are invariance with respect to the spatial reflection and with rotations
of 180◦ around the axis of rotation. These two symmetries are called parity (pi) and
signature (α). They label the nuclear states of the rotating nucleus, and will be
outlined in next two sections. A schematic illustration of the effect of cranking on
the single particle energy levels of Nilsson orbits originating from principal quantum
number N=2, in a harmonic oscillator potential is illustrated in Figure 3.4.
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Figure 3.4: Illustration of the effects of cranking on the remaining symmetries that
describe a particular configuration of nucleons.
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3.7.1 Parity
Parity is an operator which describes the reflection symmetry through the origin of
the spatial part of particle wavefunction relative to all coordinates. The eigenvalues
of the parity operator pˆiψ(−~r) have two values, firstly;
ψ(−~r) = +ψ(~r) (3.15)
The reflected wavefunction remains unchanged and the parity will be even, then the
parity of single particle state is labelled +, and if;
ψ(−~r) = −ψ(~r) (3.16)
this means that the reflected wavefunction is inverted and parity is odd. Here the
parity of single particle state is labelled −. The total parity of a nuclear state is given
by the product of the parities of all occupied single particle orbitals:
pitotal =
∏
occ
pii, (3.17)
3.7.2 Signature
Signature arises from the invariance of the cranking Hamiltonian with respect to a
rotation of 180◦ around the x-axis through the rotation operator Rˆ [Syz83],
Rˆx = exp
−ipiIx (3.18)
The eigenvalues (r) of the rotation operator, result in the signature exponent quantum
number (α),
r ≡ exp−ipiα (3.19)
The allowed values of eigenvalues are restricted to the total number of nucleons in
the rotating nucleus that are of even or odd A.
For even-A nucleus, r takes values +1 and −1 with α = 0 and 1 respectively, giving
rise to nuclear states of spin
I = 0, 2, 4, 6, ........ (3.20)
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I = 1, 3, 5, 7, ........ (3.21)
Whereas for odd-A nucleus, r has values −i and +i with α = +1
2
and −1
2
respectively,
I =
1
2
,
5
2
,
9
2
,
13
2
, ........ (3.22)
I =
3
2
,
7
2
,
11
2
,
15
2
, ....... (3.23)
The split energy levels from Nilsson states are signature partners, which have been la-
belled with two opposite signature exponent quantum numbers, as shown on the right
in Figure 3.4. The energy levels labelled with +, are known as favoured signature.
While those labelled with −, are known as unfavoured signature.
Chapter 4
Experimental Details
4.1 Introduction
The following chapter will describe the reaction carried out to populate the excited
states in 159Er up to ultra high spin. The interactions in the detection system used
during the experiment will also be discussed. In addition, the spectroscopic techniques
that were employed in the work to identify and study the nuclear structure of the
populated nucleus will be outlined.
4.2 Heavy Ion Fusion Evaporation Reaction
The Heavy Ion Fusion Evaporation Reaction has been employed to populate the
highest spin states in nuclei [New70]. Niels Bohr in 1936 proposed using the fusion
mechanism of projectile on target in nuclear reactions to form a compound nucleus
[Boh36]. In fusion, the projectile beam of heavy ions may fuse with the target nucleus
to form a highly excited compound nucleus at high spin, provided that the centre of
mass energy is sufficient to overcome the Coulomb barrier between projectile and
target nuclei [Hod78]:
ECB =
ZpZte
2
RCB
MeV (4.1)
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Where Zpe and Zte are the total positive charge (atomic number) of the projectile
and target nuclei respectively, and RCB represents the Coulomb interaction radius,
which corresponds to the separation distance between the centres of the projectile and
target nucleus in unit of fm (10−15m), the best approximation of interaction radius
may be expressed as [Hod78]:
RCB = 1.35(A
1/3
p + A
1/3
t + 0.5)fm (4.2)
Ap and At represent the mass number of the projectile and target nuclei respectively.
When the impact parameter (b) of the new compound system is equivalent to sepa-
ration distance (Coulomb interaction radius), R (R is constrained to be smaller than
the glancing collision illustrated in Figure 4.1), the reaction mechanism brings the
maximum angular momentum to the compound nucleus system. The lmax is given by
[Dia80]:
lmax = 0.219(Rp +Rt)
√
µ(ECM − ECB) (4.3)
The parameters Rp, Rt, µ, ECM and ECB in equation 4.3 are the radii of the projectile
and the target, reduced mass, bombarding energy of the projectile and Coulomb
barrier energy in the centre of mass system in units femtometere, MeV/C2 and MeV
respectively.
The different stages of the reaction process, for formation and decay of the compound
nucleus as explained by Bohr, to populate 159Er nuclus are shown in Figure 4.2.
Fusion of the projectile beam occurs first after a series of successive collisions between
individual nucleons, which takes a period of time equal to the time taken for the
incident particle to travel across the diameter of the target nucleus. The compound
system is highly excited and carries a large amount of angular momentum. During
the formation period (approximately 10−22 sec), its kinetic energy is shared uniformly
among all constituent nucleons until the system has no “memory ”of its mode of
formation. The decay mode of the compound system is independent of the formation
mode if the two modes are separated in time by a period of about 10−19 sec. Particle
emission occurs, while the excitation energy remains higher than the separation energy
of alphas, protons, or neutrons.
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Figure 4.1: Schematic illustration of the dependance of angular momentum of the
nuclear excited system on the impact parameter (b) and the separation distance (R)
between the centres of colliding nuclei.
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Figure 4.2: Various stages with time scales of the heavy ion fusion evaporation
reaction for product nucleus 159Er.
In each step of the de-exatation process (evaporation of nucleons) the evaporated
particle removes one or two units of angular momentum and an amount of excitation
energy equal to the sum of separation energy and kinetic energy of the evaporated
particle.
When the width of the region between yrast line and the entry line reduces to the
threshold value (≈ 8 MeV), the excitation energy of the compound nucleus becomes
less than the neutron separation energy. Here, the compound nucleus begins to emit
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Figure 4.3: Schematic illustation of the de-excitation modes of highly excited com-
pound nucleus.
statistical gamma-rays due to high density of states, that cool the product nucleus
toward the yrast line. These gamma-rays are usually of electric dipole character.
Then the compound nucleus, with high angular momentum, decays by Yrast-like
gamma ray emission through the yrast path (which connects the states with lowest
energy levels in the nucleus for each spin value) towards the ground state as in Figure
4.3. Most discrete gamma rays arise from yrast levels with an energy distribution
ranging from zero to a few MeV above the yrast line. Due to the competition of
varied reaction channels, the product nucleus in its ground state depends on the
probability of particle evaporation.
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4.3 Gamma-ray Interaction Processes with Mat-
ter:
In the detection system, gamma-rays interct with matter, leading to either a total or
partial transfer of gamma-ray energy through an atomic electron within the absorber.
There are three main interaction processes, which depend on the energy of incident
gamma ray and the properties of the absorber material; photoelectric absorption,
Compton scattering and Pair production. The gamma-ray interaction processes are
outlined in the following sub-sections, for more details see reference [Kno10].
4.3.1 Photoelectric Absorption
Photoelectric absorption is the most probable interaction process at low gamma-ray
energies below 0.2 MeV for Z 32 (Ge), in which, the gamma-ray energy is totally
absorbed by a bound inner atomic electrons near the nucleus. Consequently, an
electron is liberated from the atom with a kinetic energy by:
Te = Eγ − EB (4.4)
Where, EB is the binding energy of the ejected electron in the atom. The photoelec-
tron energy represents the gamma ray energy in the detection system as the photo-
peak energy. The liberation of a photoelectron leaves a vacancy in the atomic shell,
that is immediately filled by an electron from the outer shells resulting in emission of
characteristic X-ray or Auger electrons. The probability of photoelectric absorption
depend on the atomic number of the absorber materials and the gamma ray energy
which is given by (σph =
Zn
E3.5γ
). Where n varies betwen 4 and 5 over the gamma ray
region of interest. The photoelectric absorption process schematically illustrated in
Figure 4.4(a).
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Figure 4.4: Schematic illustation for the interction processes of gamma-ray with mat-
ter, (a) photoelectric absorsorption, (b) Compton scattering and (c) pair production.
4.3.2 Compton Scattering
Compton scattering is most probable in the gamma-ray energy domain, 0.2 MeV
≤ Eγ ≤ 10 MeV, in which, the incoming photon (gamma-ray) collides with an electron
of the most outer atomic shells in the absorber within the detector. The electron
recoils from its orbit and the gamma-ray energy is partially imparted to the electron.
The incoming photon is then scattered through an angle, θ from its original direction
and has a reduced energy. The scattering process is considered as an elastic collision
as illustrated in Figure 4.4(b), and the energy of the scattered photon can be related
to the scattering angle using conversation of energy and momentum:
E
′
γ =
Eγ
1 + Eγ
moc2
cos θ
(4.5)
E
′
γ and Eγ are represent the energy of the scattered and incident photon, moc
2 is the
rest mass energy of the atomic electron and θ is the angle between the incoming and
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the scattered directions of photon. The probability of a gamma-ray interaction via
Compton scattering is directly proportional to the atomic number (Z) of the absorber
material, as well as depending on the number of electrons in the scattering process.
4.3.3 Pair Production
Pair production is the process of gamma-ray interaction with an atomic electron sur-
rounded by the Coulomb field of the nucleus; this interaction is energetically possible
if the gamma-ray has energy more than of 1.022 MeV, the gamma-ray completely
disappeared and an electron- positron pair is created. The excess energy from the
creation process is carried off in the kinetic energy of the electron and positron:
Eγ = 2moc
2 + Ee− + Ee+ (4.6)
The created particles slow down in the absorber material and upon stopping, the
positron annihilates with another electron producing two back to back annihilation
gamma-rays each with an energy 0.511 MeV. This process is illustrated in Figure
4.4(c). The probability of pair production depends on the gamma-ray energy being
above the threshold energy (1.022 MeV), and its proportional to the square of the
atomic number (Z2) of the absorber material.
4.4 Gamma-ray Detectors
Various types of gamma-ray detection systems have been developed to obtain infor-
mation on nuclear structure physics through the measurements of the gamma-rays
emitted either from radioactive sources or from the de-excitation of a nucleus after
the occurence of a nuclear reaction. The following sections describe the properties of
the detectors, which have been used in the design of the Gammasphere array, built
to study high-spin gamma-ray spectroscopy.
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4.4.1 Scintillation Detectors
The most commonly used scintillation detectors for this work are thallium-activated
sodium iodide NaI(Tl) and bismuth germinate Bi4Ge3O12 (BGO). The large atomic
numbers of iodine (Z= 53) and bismuth (Z= 83), give a high probability of interaction
within the scintillation materials for gamma-ray photons. The absorbed gamma-ray
energy causes the excitation of electrons from the valence band to the conduction band
of the inorganic scintillator crystals. The excitation and subsequent de-excitation of
an electron causes the emission of visible light in the scintillation processes. In the
case of NaI(Tl), the small amount of thallium impurity is used as an activator to
promote the rate of light emission, whereas the BGO detectors do not require the
activators to enhance the scintillation processes.
The scintillation light is converted into electric pulses through a photomultiplier tube.
Here, the photoelectric interaction occurs with a photosensitive surface, and produces
photoelectrons directed to the electron multiplier. After a series of electron multipli-
cations, the output current is proportional to the gamma-ray energy deposited in the
detector material.
For same size scintillation detectors, BGO detectors are of higher efficiencies than
NaI(Tl) detectors, because of the high density density (7.13 gm/cm3) and atomic
number of bismuth component. On the other hand a NaI(Tl) detector has a better
energy resolution than a BGO detector, where typically the resolution at 0.662 MeV
(137Cs) is 6-7% for Na(Tl). Scintillation detectors, typically BGO, mainly contribute
in the design of multi-detector arrays as escape suppression shields.
4.4.2 High-Purity Germanium (HPGe) Detectors
In Germanium detectors, the interaction of ionising radiation (gamma-rays) occurs
within the depletion region of the reverse biased p-n junction. The required energy
to produce an electron-hole pair in this type of detectors is small (around 3eV). For
a specific amount of gamma-ray energy deposited, a large number of electrons are
excited to conduction band. This property improves the energy resolution of the
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detector as a consequence of reduction of the statistical fluctuations. The typical
HPGe detectors used in Gammasphere have an energy resolution of ∼ 2 MeV and
peak-to-total ratio of 20%, for 1.332 MeV photo-peak energy of the standard radioac-
tive 60Co source. Figure 4.5 shows the typical spectrum relevant to this gamma-ray
energy. The photons in the background are removed by using the suppression shields
surrounding the detector. The HPGe detectors are continuously cooled with Liquid
Nitrogen during operation to reduce electric noise by thermal excitations and the
appearance of leakage current.
Figure 4.5: Gamma-ray spectra for 1.173 MeV and 1.332 MeV of 60Co source obtained
by using the HPGe detector used in the Gammasphere array, with Compton sup-
pressed shield and without suppressed shield [Aki06]. The original figure is taken from
Gammasphere booklet, http://nucalf.physics.fsu.edu/ riley/gamma/gamma3.html
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4.4.3 Compton Suppressed Germanium Detector
The contribution of incomplete gamma-ray energy deposition in HPGe detectors ap-
pears as continuous background, which can be reduced by surrounding the HPGe
detector with a high density scintillation detector, most commonly BGO is used for
suppression shield purposes. A typical schematic diagram of a Compton suppressed
HPGe detector used in Gammasphere is shown in Figure 4.6 [Eva04], in which, the
gamma-rays scattered out interact with a BGO detector shield placed around the
cylindrical HPGe detector and forward scattered gamma-rays interact with backplug
BGO detector. The signals from the suppression shields are operated electronically in
Figure 4.6: Schematic illustation of Compton-suppressed HPGe detecter used in the
Gammasphere array. The figure is taken from [Eva04].
anticoincidence with HPGe signals. The front face of the BGO detector shield is col-
limated with 40 mm heavy metal to prevent the direct interaction of emitted gamma
rays from the decaying nucleus with the BGO detector [Nol85, Nol94, Bax92, Car94].
Thus, the ratio of counts in the photopeak to the total number of the counts in the
gamma ray spectrum rises. For instance in single suppressed HPGe used in the Gam-
masphere, the peak-to total ratio for emitted gamma-ray of 1.332 MeV from 60Co
source becomes about 60%, this improvement in peak- to- total ratio for 60Co source
is illustrated in Figure 4.5 [Aki06], shows the suppressed and unsuppressed spectra
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produced with HPGe detector which has been used in Gammasphere.
The improvement in peak-to-total ratio (PT) is significant in high fold coincidence
spectroscopy, for the photopeak coincidence probability which varies with (PT )n,
where n is number of fold event. As well as PT an important parameter in an array
design to identify its sensitivity, which is measured by resolving power of the array
and defined as [Bea96]:
R =
(
SEγ
∆Eγ
)
PT (4.7)
where SEγ is the average energy between gamma-rays in the cascade of the stud-
ied nucleus and ∆Eγ is the full width of the gamma-rays at half maximum in the
spectrum.
4.5 Gammasphere Array
The Gammasphere array [Lee90] (as shown in Figure 4.7) is one of the most powerful
gamma-ray spectrometers used in the last two decades. It comprised of 110 HPGe
n-type crystals each of size (7.2 cm × 8.4 cm) with BGO Compton Suppression
shields in an electronic honeycomb design mounted in a 4pi configuration around
the target chamber. These are arranged into two symmetrical hemispherical shells,
designed from a 122 element polyhedron comprised of 110 hexagonal faces for holding
the Compton suppressed HPGe detectors and 12 pentagonal faces (one is used for
beam access). The Compton suppressed HPGe detectors form 17 rings at different
forward and backward angels relative to the beam direction. For analysis purposes
this is reduced to nine rings. Table 4.1 lists the angles of HPGe detector rings in the
Gammasphere array, relative to the beam direction. In the full implementation of
110 detectors, each HPGe detector subtends 0.418% of the total solid angle providing
a total coverage of 46% for the array. The target is 24.8cm from the front of the
HPGe detectors. The detectors that are mounted at 50.1◦, 58.3◦, 69.8◦, 79.2◦ and
80.7◦ forward and backward angles around 90◦ have each been segmented into two
D shapes electrically to reduce the Doppler broadening and increasing the resolving
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Figure 4.7: The Gammasphere array at Argonne National Laboratory. The figure is
taken from [Tea09].
power of the array. The full Gammasphere array, for 1.332 MeV gamma-ray has
a total photopeak efficiency of 9.4% and a resolving power of 9.4 (60% PT, 2 keV
FWHM).
4.6 The Experimental Details
Excited states of 159Er were populated by using the ATLAS accelerator at Argonne
National Laboratory in United States of America to provide the reaction beam (48Ca)
with an energy of 215 MeV, bombarding the reaction target which comprised of two
stacked thin self-supporting 116Cd foils with a total thickness 1.3 mg/cm2. The emit-
ted gamma rays resulting from the reaction were detected by using the Gammasphere
array spectrometer, A total of ∼ 1.9 × 109 high-fold coincidence gamma-ray events
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Ring Number Angle (Degrees) New Ring Number Number of Detectors
1 17.3◦ 1 5
2 31.7◦ 2 5
3 37.4◦ 2 5
4 50.1◦ 3 10
5 58.3◦ 3 5
6 69.8◦ 4 10
7 79.2◦ 5 5
8 80.7◦ 5 5
9 90.0◦ 5 10
10 99.3◦ 5 5
11 100.8◦ 5 5
12 110.2◦ 6 10
13 121.7◦ 7 5
14 129.9◦ 7 10
15 142.6◦ 8 5
16 148.3◦ 8 5
17 162.7◦ 9 5
Table 4.1: The numbers of HPGe detecctor in the rings of the Gammasphere array
residing at different angles relative to the beam direction.
were collected under trigger conditions, at least seven of the 101 Compton suppressed
HPGe detectors fired in prompt coincidence (γn, n≥7). The data were collected dur-
ing five days, and the events were unfolded off-line into 3.5 × 1010 quadruple and 1.4
× 1011 triple coincidence events. In the present work, the quadruple events were re-
played off-line into RADWARE- format four dimensional(E4γ) hypercubes for analysis
[Rad95], to investigate the 5n reaction channel 116Cd(48Ca, 5n) 159Er. The data were
used to construct the level scheme of the nucleus 159Er.
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4.7 Data Analysis
Gammasphere allows more than one gamma ray to be detected simultaneously. The
detected gamma rays are collected in the form of high fold coincidence events. The
acquired data is unfolded off-line into lower fold events (quadruple, triple, and double).
For example, an event of four gamma-rays is unfolded into four triple-fold events or
six double-fold events. The unfolded quadruple coincidence events have been used
for the work of this thesis, in which, each coincidence quadruple event is arranged in
a group of four gamma-rays(γ1, γ2, γ3, γ4) and sorted in four dimensional matrices
(hypercube) as a single count at the axes (Eγ1 , Eγ2 , Eγ3 , Eγ4) symmetrically by using
the RADWARE programme [Rad95]. The programme has also been used to analyse
hypercube coincidence events.
4.7.1 Hypercube Analysis
In four (three) and (two) dimensional symmetric matrix analysis, the spectra of coin-
cidence gamma-ray cascade belonging to product nucleus could be produced for each
possible reaction channel, and displayed by the 4DG8R (LEVIT8R) and (ESCL8R)
programmes. To perform the analysis, gates were set on the specified gamma-rays, in
the case of 4-Dimensional, (3-D) and (2-D) coincidence events, triple, (double), (sin-
gle) gates set on the three, (two), (one) axes of the hypercube (cube), (matrix) axes,
and all coincidence gamma-ray transitions simultaneously can be projected out onto
the fourth (third), (second) axis. The resultant projected spectrum obtained from
such gating conditions will be presented in the form of a one dimensional spectrum as
a triple, (double), (single) gated spectrum, which is background subtracted [Cro95]
using a new form of background subtraction incorporated into the RADWARE for-
mat and implemented by K. Lagergren [Lag04]. The hypercube coincidence analysis
has been used for energy and intensity measurement of the detected gamma-ray for
159Er, to construct the level scheme and to study of the structure of the nucleus.
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4.7.2 Angular Intensity Ratio Measurment
In nuclear reactions, the spins of the populated nuclear excited states of the prod-
uct nucleus have been oriented in the plane perpendicular to the direction of the
beam axis. Classically, the multipole character of the emitted gamma-rays from de-
cay between the populated nuclear excited states can be obtained by performing an
analysis of the Directional Correlation of Oriented states [Ste73], which known as
DCO measurement.
The multipolarity of transitions from these oriented states can be determined
experimentally from the angular intensity ratio of the emitted gamma-rays, which
is based on the DCO analysis and described [Pau95], [Tor97]. In this work, the
MTSORT (MIDAS) software has been used to sort unfolded data into γ-γ matrices, by
setting lists of gates on coincidence transitions that produce one dimensional spectra
for the coincidence transitions at different detector ring angles of the Gammasphere
relative to the beam direction. The angular intensity ratio of a specific gamma-ray
has been identified from the intensity measurements (Iγ), which were detected by
detectors positioned at ring two (34.55◦) and ring nine (145.45◦) angles, and at ring
five ( 90.0◦), perpendicular to the beam axis. Thus, the angular intensity ratio can
be defined as:
R = Iγ ,(35
◦/145◦)
Iγ ,(90◦) (4.8)
The multipolarity of the electromagnetic transitions are assigned from the angular
intensity ratio values. Typically, the extracted value from this analysis for stretched
quadrupole (E2) transitions (∆I = 2) and pure non-stretched dipole transitions (∆I
= 0) is approximately a factor two larger than for pure stretched dipole (M1 and E1)
transitions (∆I = 1) or for those are of the mixed M1/E2 character. This technique
can allow one to assign the spin and parity of nuclear levels.
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4.8 Gamma Decay
The nucleus could be in an excited state under the influence of an electromagnetic
field. As a consequence of the interaction of nucleons (protons and neutrons) with
the external field, the nucleus undergoes decay (de-excitation) to a low-lying excited
state and then to the ground state. When the nucleus de-excites between its excited
states, the predominant decay mode is the emission of electromagnetic photons in the
energy domain of 0.1-10 MeV, in the form of gamma-rays. The angular momentum
carried away by gamma-ray in each subsequent nuclear decay identifies the multi-
pole order of the emitted gamma-ray, which provides the information on initial and
final nuclear excited states in terms of energy, angular momentum (spin) and parity,
leading to an understanding of the structure of the nucleus. The character of the
electromagnetic radiation of the emitted gamma-rays is constrained by conservation
of angular momentum and parity between initial and final excited states:
|Ii − If | ≤ L ≤ Ii + If (4.9)
The multipole order of the emitted radiation (L) is determined by the possible value
of quantized angular momentum (2L), so the emission of a gamma-ray is not allowed
for L = 0. The electromagnetic nature of multipole orders of the emitted radiation
(gamma-rays) is identified from the change of parity between the initial and final
states as follow:
For electric transitions
piEL = (−1)L (4.10)
and for magnetic transitions
piML = (−1)L+1 (4.11)
This means that, the transitions between states of the same parity are of the even mul-
tipole order electric transitions and of the odd multipole order magnetic transitions
(M1, E2, M3, E4,..), on the other hand transitions between the states of different
parity are of the odd multipole order electric transitions and of the even multiple
order magnetic transitions (E1, M2, E3, M4,...).
Chapter 5
159Er Results
5.1 Introduction
The rare-earth Erbium nuclei have been at the forefront of high-spin nuclear structure
research. In this work, the gamma-ray transitions from excited states of 159Er have
been investigated up to terminating states using the Gammasphere spectrometer.
Excited states in 159Er were populated using the heavy-ion fusion-evaporation reaction
of 116Cd(48Ca, 5nγ) at a beam energy of 215 MeV. Newly observed gamma-rays have
been positioned in three new bands and, in addition, previously reported bands have
been extended and amended. These include high-spin bands and high-K quasiparticle
structures [Del87, Sim98]. To confirm the multipolarity of the previously observed
transitions and identify the multipolarity of new transitions, angular intensity-ratio
measurements have been performed.
5.2 Motivation
The development of gamma-ray spectrometer arrays, such as Eurogam and Gammas-
phere, have increased the opportunity to investigate how nuclear angular momentum
is generated up to ultrahigh-spin. The transitional rare-earth nuclei (A = 150− 160)
have been at the forefront in revealing a variety of nuclear structure phenomena
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through the generation of nuclear angular momentum [Gro73]. The angular momen-
tum in atomic nuclei can be generated from collective motion of the core and from
single particle contributions. The deformed prolate (β2 ≥ 0.2) heavy rare-earth nuclei
(N ≈ 90) exhibit the behaviour of a quantum rotor, through the collective rotational
motion along the axis perpendicular to the symmetry axis, leading to the formation
of rotational bands whose excited states follow the E(I) ∝ I(I + 1) relation. The
prolate nucleus loses its collective behaviour with increasing angular momentum as
a result of Coriolis induced alignments, which break pairs of neutrons and protons,
causing their spin vectors to align along the axis of rotation. As more and more
valence nucleons align the contribution of single particle spins dominate in the gen-
eration of nuclear angular momentum. Eventually, the prolate nucleus undergoes a
dramatic transition from collective behaviour to oblate noncollective single particle
behaviour. The regular rotational bands terminate [Ben83, Tjø85, Ste85, Sim94] and
the angular momentum of the excited states is generated entirely by the alignment of
specific valence nucleons in equatorial orbits outside the spherical core of the 14664 Gd82
nucleus.
5.3 159Er Results
The level scheme constructed for 15968 Er91 in the present work will be presented in two
sections; high spin structures and strongly coupled high-K bands. The transitions in
each specific band were obtained from data collected using the Gammasphere spec-
trometer, which have been sorted into unfolded four-dimensional hypercubes using the
RADWARE graphical analysis package 4DG8R developed by D. C. Radford [Rad00],
as discussed in chaper 4. Analysis of the hypercubes involves applying a triple gate
or sum of triple gates to a hypercube, and allows coincidence relationships between
transitions to be deduced, and relative intensities of the transitions to be measured.
Based on the coincidences and intensities observed, the gamma-ray transitions are
ordered in the level scheme in distinct bands. While some of the transitions observed
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in this work represent significant extensions to previously observed bands, three new
bands have been observed in the level scheme, as shown in Figure 5.1 and 5.2 for
the high-spin positive and negative parity structures respectively, and in Figure
5.16 for the strongly coupled high-K bands. Many previously observed transitions
[Del87, Sim98] have been verified, however some of the gamma-ray transitions in the
branches parallel to the yrast band and in one of the strongly coupled bands have been
positioned differently in the level scheme in the present work, with small differences
in transition energy of about 1-2 keV. The transition energies have been measured in
keV, and the intensity measurements have been performed for the observed transi-
tions using RADWARE to deduce the relative intensity of the gamma-ray transitions
(Iγ), which were normalized relative to the intensity of the 208 keV 17/2
+→13/2+
yrast transition with a value of 100. The gamma-ray energies are esimated to be ac-
curate to ±0.3 keV for the strong transitions (Iγ>10), rising to ±0.6 keV for weaker
transitions.
5.4 High Spin Structure
The level scheme of the high-spin structure of 159Er determined in the present work are
presented in Figures 5.1 and 5.2. High-spin bands observed previously are labelled as
yrast, Band 1, Band 2, Band 3, Band 4 and TSD1, and the newly observed bands are
labelled as Band 5, Gamma-Band and Band 10. Multipolarities have been assigned for
the new transitions and verified for the previously observed transitions by measuring
angular intensity-ratios, as discussed in section 4.7.2. The angular intensity-ratios for
the previously observed bands and for the three new bands are displayed in Figures
5.3 and 5.4 respectively.
5.4.1 Yrast Band (+, +1/2)
In the positive parity yrast band of 159Er transitions have been previously reported by
Deleplanque et al., [Del87] up to a tentative excited state of spin and parity (93/2+)
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Figure 5.1: Partial level scheme for 159Er constructed from the present work for
positive parity high-spin band structures. The transition energies are given in keV,
and the width of the arrows indicate the relative intensities of the transitions. Beneath
each band in italics, the bandhead energy is given in keV. Spins and parities are based
on measurements of angular intensity-ratios, and parenthesis indicate tentative spin
and parity assigments. Where the observation of a transition is considered tentative,
a dashed arrow and parenthesis are used.
51
2 0 8
3 5 0
4 6 5
5 5 6
6 2 6
6 7 5
7 0 8
7 3 8
7 7 9
8 3 0
2 2 8
3 7 0
4 8 6
5 7 8
6 4 9
6 4 0
1 9 8
3 1 5
4 1 5
4 8 9
5 3 2
4 6 2
4 4 8
4 3 6
5 2 6
6 2 5
7 2 0
8 0 1
8 5 0
8 5 7
8 6 6
9 1 2
9 7 4
1 0 4 4
1 1 1 0
1 1 2 6
5 7 0
6 1 7
6 6 3
7 1 9
7 7 1
7 9 6
8 3 4
8 9 5
4 6 4
5 4 7
4 0 1
4 8 5
5 8 8
6 8 7
7 7 2
8 3 3
1 1 1 0
1 1 0 3
1 1 4 5
1 2 0 8
1 2 9 2
8 5 6
8 7 0
9 1 1
9 6 7
1 0 2 7
1 0 8 6
1 1 4 7
1 2 0 7
1 4 5 2 8 4 4 0 3
1 0 2 9
8 0 5
1 0 0 5
8 8 4
9 4 5
1 0 0 4
1 0 4 1
1 0 5 4
1 0 8 5
1 1 4 6
1 2 0 8
1 2 9 5
( 1 3 3 5 )
7 4 5
5 9 6
6 5 7
7 2 1
7 7 6
8 1 9
8 6 5
9 0 6
9 1 8
9 4 8
9 9 5
1 0 4 6
1 0 7 2
9 1 1
1 0 3 4
1 0 7 4
1 1 1 4
1 1 5 1
1 2 1 4
1 2 7 0
1 3 4 1
9 5 2
9 8 1
5 2 5
4 1 0
4 9 0
1 2 2 5
1 2 3 2
( 1 2 9 7 )
1 2 2 2
1 1 8 8
( 1 1 4 0 )
( 1 0 3 5 )
1 0 0 9
8 5 5
7 1 4
3 8 5
6 2 5
5 4 0
1 7 1
2 5 9
1 1 3
6 6 7
1 4 4
1 5 5
( 1 1 1 1 )
9 4 8
9 9 0
6 5 4
1 1 4 3
1 1 7 0
1 3 / 2
2 2 5
2 7 / 2
5 / 2
5 9
2 9 / 22 6 6 2
2 5 / 22 0 8 5
1 1 / 2
3 6 2
1 7 / 2
2 1 / 2
2 5 / 2
2 9 / 2
3 3 / 2
3 7 / 2
4 1 / 2
4 5 / 2
4 9 / 2
5 3 / 2
1 5 / 2
1 9 / 2
2 3 / 2
2 7 / 2
3 1 / 2
9 / 2
1 3 / 2
1 7 / 2
2 1 / 2
2 5 / 2
2 9 / 2
3 3 / 2
3 7 / 2
4 1 / 2
4 5 / 2
4 9 / 2
5 3 / 2
5 7 / 2
6 1 / 2
6 5 / 2
6 9 / 2
7 3 / 2
7 7 / 2
8 1 / 2
3 3 / 2
3 7 / 2
4 1 / 2
4 5 / 2
4 9 / 2
5 3 / 2
5 7 / 2
6 1 / 2
2 9 / 2
3 3 / 2
3 1 / 2
3 5 / 2
3 9 / 2
4 3 / 2
4 7 / 2
5 1 / 2
8 5 / 2
8 9 / 2
9 3 / 2
9 7 / 2
1 0 1 / 2
5 5 / 2
5 9 / 2
6 3 / 2
6 7 / 2
7 1 / 2
7 5 / 2
7 9 / 2
8 3 / 2
( 8 3 / 2
)
3 / 2
0
7 / 2 1 1 / 2 1 5 / 2
( 5 1 / 2
)
6 3 5 8
( 5 5 / 2
)
( 5 9 / 2
)
( 6 3 / 2
)
( 6 7 / 2
)
( 7 1 / 2
)
( 7 5 / 2
)
( 7 9 / 2
)
( 8 3 / 2
)
( 8 7 / 2
)
( 9 1 / 2
)
( 9 5 / 2
)
3 7 / 2
4 1 / 2
4 5 / 2
4 9 / 2
5 3 / 2
5 7 / 2
6 1 / 2
6 5 / 2
6 9 / 2
7 3 / 2
7 7 / 2
8 1 / 2
( 5 7 / 2
)
( 7 7 0 8 ) ( 6 1 / 2
)
( 6 9 / 2
)
( 7 3 / 2
)
( 7 7 / 2
)
( 8 1 / 2
)
( 8 5 / 2
)
( 8 9 / 2
)
( 9 3 / 2
)
( 9 7 / 2
)
( 6 5 / 2
)
( 6 9 / 2
)
( 2 3 / 2
)
( 1 9 / 2
)
( 8 7 / 2
)
( 9 1 / 2
)
( 8 7 / 2
)
1 0 5 / 2
( 8 5 / 2
)
( 7 3 / 2
) ( 8 1 / 2
)
( 6 5 / 2
)
T S D
1
B
a n d  1 0
B
a n d  5
B
a n d  4
B
a n d  3
B
a n d  2
B
a n d  1
Y
r a s t
.
.
.
.
.
.
.
.
.
Figure 5.2: Partial level scheme for 159Er constructed from the present work for
negative parity high-spin band structures. The transition energies are given in keV,
and the width of the arrows indicate the relative intensities of the transitions. Beneath
each band in italics, the bandhead energy is given in keV. Spins and parities are based
on measurements of angular intensity-ratios, and parenthesis indicate tentative spin
and parity assigments. Where the observation of a transition is considered tentative,
a dashed arrow and parenthesis are used.
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Figure 5.3: Angular intensity-ratios, R, for gamma-rays as a function of transition
energy for the previously observed bands; Yrast, Band 1, Band 2, Band 3 and Band
4 in 159Er.
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Figure 5.4: Angular intensity-ratios, R, for gamma-rays as a function of transition
energy for new bands; Gamma-Band, Band 5 and Band 10 in 159Er.
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with a parallel sequence of two transitions 1152-keV and 1341-keV branching off from
a tentative yrast (85/2+) state. The yrast band and its parallel branch at high spin
were extended up to states of spin/parity (105/2+) and (101/2+) respectively. The
work of Kondev et al., [Kon99] observed transitions at high-spin in the yrast band
and its parallel branch, including a tentative transition of 941-keV gamma ray, when
branched out from 81/2+ yrast state from the work of [Del87]. These transitions have
been reordered and positioned in the yrast band and a parallel sequence branching
out from the 85/2+ yrast state. The new linking transitions of 1052-keV, 1264-
keV, 1304-keV and 1342-keV have been established between states in the parallel
branch and yrast band, as shown in Figure (5.1). The spectra of high-energy gamma-
ray transitions in the yrast band are presented in Figure 5.5, and the gamma-rays
depopulated from the 33/2+ yrast state up to the terminating states of (101/2+) and
(105/2+) are presented in Figure 5.5(a).
The photopeaks in the yrast band and its parallel branch above the state 81/2+ can
be observed individually in coincidence at this high-energy region in Figures 5.5 (b)
and (c) respectively. Spectrum (b) was produced with a sum of triple gates set on
yrast transitions from the 830-keV to the 1153/1154-keV transitions in coincidence
with the 1342-keV linking transition of the parallel sequence, and spectrum (c) was
produced with a sum of triple gates set on yrast transitions from 830-keV to 1232-keV
(excluding the 1153/1154-keV transitions) in coincidence the 1276-keV transition.
The intensity of the upper line transitions in Figure 5.5 indicate that the 1153-keV
and 1154-keV transition are not resolved, and confirm that the gamma-ray transition
of 941 keV depopulates the fully aligned terminating state 101/2+. A spectrum for all
observed photopeaks in the yrast band is presented in Figure 5.6, produced with a sum
of triple gates set on the transitons positioned in the present level scheme up to the
81/2+ state (1096-keV) of the yrast band. Angular intensity-ratio measurements for
the 1264-keV, 1304-keV and 1342-keV linking transitions were performed and their
multipolarity found to be stretched quadrupole (E2) transitions, which establishes
positive parity and positive signature (pi, α) = (+,+1/2) for the levels in the parallel
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Figure 5.5: Coincidence spectra showing transitions from the decay of states in the
yrast band of 159Er, from the 33/2+ state up to the terminating 101/2+ and 105/2+
states. Linking transitions above the 85/2+ state are marked blue, and transitions
in the parallel sequence are marked red. The coincidence spectrum (b) verifies that
the initial state of the 941-keV transition is depopulated from the fully aligned ter-
minating 101/2+ state. Spectra (a) and (c) provide the evidence for re-ordering
the transitions in the yrast band shown in the level scheme of Figure (5.1). The
spectra were produced from varoius sum of triple gates set on yrast transitions; (a)
from 208-keV to 1096-keV, and (b) from 830-keV to the 1153/1154-keV transitions
in coincidence with the 1342-keV, and (c) from 830-keV to the 1232-keV except the
1153/1154-keV transitions in coincidence with the 1276-keV transition.
branch to the yrast band. The gamma-ray energies measured as part of this work
and their assignments in the yrast band are given in Table 5.1.
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Band Eex. (keV) Eγ (keV) Iγ R Multipol. Transition
Yrast 433.3 208.0 100(3) E2∗ 17/2+ → 13/2+
782.8 349.5 94.7(2.9) 0.86(0.03) E2 21/2+ → 17/2+
1247.4 464.6 84.3(2.6) 0.84(0.03) E2 25/2+ → 21/2+
1803.0 555.7 76.4(2.4) 0.88(0.04) E2 29/2+ → 25/2+
2428.7 625.6 57.9(1.8) 0.98(0.03) E2 33/2+ → 29/2+
3103.7 675.0 41.0(1.3) 0.91(0.03) E2 37/2+ → 33/2+
3811.9 708.2 33.4(1) 0.95(0.04) E2 41/2+ → 37/2+
4550.2 738.3 26.2(0.9) 0.88(0.03) E2 45/2+ → 41/2+
5328.8 778.6 19.7(0.7) 0.99(0.04) E2 49/2+ → 45/2+
6158.5 829.6 18.1(0.7) 0.90(0.04) E2 53/2+ → 49/2+
7033.2 874.7 13.1(0.5) 0.92(0.04) E2 57/2+ → 53/2+
7937.1 903.9 10.5(0.4) 0.99(0.04) E2 61/2+ → 57/2+
8861.3 924.2 6.2(0.4) 1.01(0.05) E2 65/2+ → 61/2+
9815.0 953.7 4.9(0.3) 1.11(0.06) E2 69/2+ → 65/2+
10810.8 995.9 4(0.3) 0.94(0.06) E2 73/2+ → 69/2+
11854.7 1043.9 3.1(0.3) 0.88(0.05) E2 77/2+ → 73/2+
12950.4 1095.7 3(0.3) 0.98(0.06) E2 81/2+ → 77/2+
14103.2 1152.8 2(0.3) 1.04(0.08) E2 85/2+ → 81/2+
15335.4 1232.1 1.4(0.4) 1.01(0.07) E2 89/2+ → 85/2+
15445.0 1342.1 0.86(0.2) 1.06(0.21) E2 89/2+ → 85/2+
16598.8 1153.9 0.59(0.2) 1.04(0.08) E2 93/2+ → 89/2+
1263.6 0.41(0.2) 0.91(0.18) E2 93/2+ → 89/2+
16611.2 1275.9 0.95(0.2) 1.14(0.12) E2 93/2+ → 89/2+
17662.9 1064.0 0.52(0.2) (97/2+)→ 93/2+
1052.5 0.48(0.2) (97/2+)→ 93/2+
17902.9 1291.7 0.84(0.2) 1.09(0.24) E2 (97/2+)→ 93/2+
1304.0 0.54(0.2) 1.12(0.12) E2 97/2+ → 93/2+
18603.9 941.0 0.40(0.2) (101/2+)→ (97/2+)
(19179.9) (1277.0) (101/2+)→ 97/2+
(20506.9) (1327.0) (105/2+)→ (101/2+)
Table 5.1: The measured properties of the γ-ray transitions in yrast band of 159Er. *
The multipolarity of 208 keV assigned according to [Gro73].
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Figure 5.6: Coincidence spectrum produced from a sum of triple gates set on tran-
sitions from 208-keV to 1096-keV in the yrast band of 159Er.
5.4.2 Band 1 (+, −1/2)
Band 1 (+,−1/2) is the unfavoured signature partner of the yrast band, the transitions
in which were previously established up to a 43/2+ state by Simpson et al., [Sim87].
The observation of thirteen new transitions in the present study has meant this band
has been extended up to a possible excited state of spin and parity (91/2+). The
intensity measurements for the spectra produced from the sum of triple gates on
in-band transitions up to (83/2+) in this band, as shown in Figure 5.7(b), confirm
that a 870-keV transition is a doublet and can be seen in coincidence with itself.
The identification of the new transitions has been established from the sum of three
double-gates on the four transitions, 846-keV, 870-keV, 870-keV, and 889-keV from
the 51/2+ to (67/2+) state, as shown in Figure 5.7(a). The existence of both the
1008-keV and the 1269-keV transitions of the highest spin in this band, has been
demonstated in the spectrum. The angular intensity-ratio measurements for the 136-
keV, 156-keV, 176-keV, 197-keV, 364-keV and 526-keV linking transitions to the yrast
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Figure 5.7: Coincidence spectra showing transitions from the decay of states in the
Band 1 of 159Er. (a) is proudced with a sum of double gates set on transitions from the
decay of the 55/2+ state to (67/2+) state in Band 1, marked with asterisks, and clearly
shows the 1008-keV transition which has initial state 91/2+. Coincidence spectrum
in (b) is produced with a sum of triple gates set on in-band transitions from the
228-keV to 1105 keV in Band 1, which shows all transitions coincidence with Band 1.
The linking transitions are marked in green, and clearly shows transition of 1008-keV
depopulated from state 91/2+.
band confirm the previous assignments reported by Simpson et al., [Sim87]. The
presence of the 870-keV doublet transition means the multipolarity of the 870-keV
transitions are tentative, thus the spin and parity assinments for states above the
55/2+ state are also tentative. In addition, the angular intensity-ratio measurement
could not be performed for the 889-keV transition, but the angular intensity-ratios for
the rest of the in-band transitions up to the (79/2+) state are consistent with that of
stretched electric quadruple (E2) transitions. Band 1 depopulates to the 29/2+ and
45/2+ yrast states through two newly observed transitions of 869-keV and 1101-keV.
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Furthermore the low spin excited states of 27/2+ and 23/2+ in this band have been
mainly populated via transitions of 448-keV and 640-keV respectively, shown in Fig-
ure 5.2, which were observed previously by Deleplanque et al., [Del87]. The transition
of 448-keV decays from the 29/2− state of Band 2, the ground state band, and the
transition of 640-keV decays from the band-head of Band 4 at an excitation energy
of 2085 keV. The angular intensity-ratio measurements for these two gamma-rays
confirm the previous electric dipole (E1) multipolarity assignments, and the spin and
parity assignment for the band-head of Band 4. Table 5.2 shows the gamma-ray en-
ergies, relative intensities, angular intensity-ratios, and the multipolarity assignments
of the gamma ray transitions in Band 1 for 159Er.
5.4.3 Band 2 (−, +1/2)
Band 2, the favoured spin-parity signature (α, pi = −, +1/2) band, and it is the
ground state band of 159Er. However the excitation energy of this band is 59-keV
higher than the excitation energy of Band 3, its unfavoured signature partner (−,
−1/2) structure. This band has previously been observed up to highest excited state
of spin/parity 105/2−, without any published spectum or level scheme for gamma-
ray transitions [Kon99]. However, Deleplanque et al., had previously established the
gamma-ray transitions in this band tentatively up to (97/2−) [Del87]. As part of
this work, gamma-ray transitions in this band have been observed up to a spin of
105/2− with the observation of two new 1292-keV and 1188-keV photopeaks. The
in-band transition energies are determined with a difference by 1-2 keV from previous
measurements ([Del87]) for some transition energies. The coincidence spectra showing
the 1292-keV and 1188-keV photopeaks corresponding to the gamma-decay of the
states above 49/2− state are presented in Figure 5.8 (a and b). The spectra in Figure
5.8 (a and b) are produced with a sum of triple gates on in-band transitions from the
decay of the 53/2+ state to (93/2+) state, in parallel with the 1208-keV and 1292-keV
transitions respectively. Both spectra indicate the presence of 1188-keV with no clear
candidate for the decay of a higher lying state. The spectrum in Figure 5.8 (c) is
59
Band Eex. (keV) Eγ (keV) Iγ R Multipol. Transition
1→yrast 361.5 136.3 2.4(0.3) 0.46(0.04) M1/E2 11/2+ → 13/2+
1 589.7 227.9 1.4(0.1) 0.81(0.05) E2 15/2+ → 11/2+
1→yrast 156.5 2.0(0.1) 0.62(0.04) M1/E2 15/2+ → 17/2+
364.5 2.9(0.4) 0.62(0.04) M1/E2 15/2+ → 13/2+
1 959.3 369.5 7.8(0.4) 0.82(0.04) E2 19/2+ → 15/2+
1→yrast 176.5 1.5(0.1) 0.48(0.04) M1/E2 19/2+ → 21/2+
526.0 6.2(0.4) 0.63(0.05) M1/E2 19/2+ → 17/2+
1 1444.8 485.6 14.6(0.6) 0.84(0.03) E2 23/2+ → 19/2+
1→yrast 197.4 5.5(0.2) 0.41(0.03) M1/E2 23/2+ → 25/2+
662.0 4.4(0.4) 0.69(0.03) M1/E2 23/2+ → 21/2+
1 2022.4 577.6 30.1(1.3) 0.98(0.02) E2 27/2+ → 23/2+
2671.6 649.4 10.1(0.5) 0.93(0.03) E2 31/2+ → 27/2+
1→yrast 868.6 2.5(0.4) 31/2+ → 29/2+
1 3375.5 703.9 8.4(0.6) 1.00(0.05) E2 35/2+ → 31/2+
4122.1 746.6 5.3(0.4) 1.01(0.05) E2 39/2+ → 35/2+
4896.7 774.6 3.6(0.3) 0.93(0.04) E2 43/2+ → 39/2+
5651.1 754.5 2.5(0.2) 0.85(0.11) E2 47/2+ → 43/2+
1→yrast 1101.5 1.8(0.3) 47/2+ → 45/2+
1 6442.8 791.7 2.2(0.2) 0.91(0.05) E2 51/2+ → 47/2+
7289.0 846.2 2.1(0.2) 0.82(0.03) E2 55/2+ → 51/2+
8159.2 870.2 1.7(0.4) 0.92(0.07) (E2) (59/2+)→ 55/2+
9029.3 870.2 1.4(0.4) 0.92(0.07) (E2) (63/2+)→ (59/2+)
9918.0 888.7 1.3(0.2) (67/2+)→ 63/2+
10839.0 921.0 1.2(0.2) 0.93(0.2) E2 (71/2+)→ (67/2+)
11807.2 968.1 1.1(0.2) 0.83(0.06) E2 (75/2+)→ (71/2+)
12841.4 1034.2 1.0(0.2) 0.96(0.03) E2 (79/2+)→ (75/2+)
13946.2 1104.7 0.9(0.2) (83/2+)→ (79/2+)
15108.2 1162.1 0.83(0.1) (87/2+)→ (83/2+)
16116.2 1007.9 0.73(0.1) (91/2+)→ (87/2+)
163377 1268.8 0.78(0.1) (91/2+)→ (87/2+)
Table 5.2: Illustrates the measured properties (Relative intensity, Angular-intensity
ratios and multipolarity assignment) of the γ-ray transitions in Band 1 of 159Er.
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Figure 5.8: Coincidence spectra from the decay of states in Band 2 of 159Er. (a)
Transitions above the state 49/2− in coincidence with 1292-keV, proudced with a
sum of triple gates set on coincidence transitions from the decay of the 53/2+ state
to (93/2+) state marked with asterisks and 1208-keV. (b) Transitions above the state
49/2− in coincidence with the 1188-keV, produced with a sum of triple gates set on
coincidence transitions from the decay of the 53/2+ state to (93/2+) state marked
with asterisks and 1292-keV. (c) Produced with a sum of triple gets set on all in-band
transitions up to the (97/2−) state in Band 2, which shows all transitions coincidence
with Band 1. The linking transitions are marked in green.
presented to show transitions in coincidence with transitions in Band 2 up to 105/2−
state. The spectrum is produced with a sum of triple gates set on in-band transitions
up to the (97/2−) state. The intensity measurements from doubly gated coincidence
spectra show that the 1110-keV transition is doublet. The relative order of the 1110,
1110, 1103 and 1126 keV transitions has been established from the intensity mea-
surments. Using spectra produced from double-gates on the 974 and 1044 keV. The
multipolarity of the transitions in this band has been established by measuring
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angular intensity-ratios. All of the in-band transition were found to be stretched
electric quadrupole (E2) transitions. The multipolarity of linking transitions has
been assigned the 113-keV, 144-keV and 155-keV transitions were of the mixed M1/E2
character. The 448-keV, 385-keV, and the newly observed 667-keV transition, which
decay to Band 1, Band 4 and the yrast band, have the multipolarity of a stretched
E1, E2 and E1 respectively. The transition energies, relative intensities and angular
intensity-ratios of the gamma-rays in Band 2 for 159Er are given in Table 5.3.
5.4.4 Band 3 (−, −1/2)
Band 3 is the unfavoured signature partner of the ground state band, and has pre-
viously been studied by Deleplanque et al., [Del87] up to a tentative state of spin
and parity (83/2−), as two discontinous sequences at low-spin and high-spin with a
gap of 6h¯ between them. The low-spin structure was composed of three transitions,
which were previously established by Simpson et al., [Sim87] up to the excitation
energy of 832 keV. The high-spin structure of this band started from the 27/2− state
at excitation energy 2257 keV up to the tentative (87/2−) state. This band is linked
to the yrast band by the 1009-keV, 855-keV, and 714-kev transitions. In the present
work three new transitions of energy 410-kev, 490-keV and 525-keV have been found
to fill the discontinuity between the low-spin and high-spin structures. The spectrum
in Figure 5.9(a) which illustrates the three new transitions, and is produced with a
sum of triple gates set on the 145-keV, 284-keV and 403-keV transitions, and is in
coincidence with of the 485-keV, 588-keV, and 687-keV transitions in this band. In
addition, this band has been extended up to spin (91/2−) with a new transition of
1232-keV and another (tentative) transition of (1297)-keV. A spectrum of most of the
transitions in this band is shown in Figure 5.9(b) produced with a sum of triple gates
on in-band transitions from the decay of the 31/2− state to 83/2− state. A parallel
sequence originating from the 79/2− state has been found, with two newly observed
transitions of 1222-keV and 1225-keV. The excitation energy of the two new states is
higher than that of the 83/2− and 87/2− states in band 3. The spectra of the high
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Band Eex. (keV) Eγ (keV) Iγ R Multipol. Transition
2 257.5 198.2 2.4(0.8) E2∗ 9/2− → 5/2−
2→3 112.9 1.1(0.01) 0.45(0.05) M1/E2 9/2− → 7/2−
2 572.1 314.6 10.0(0.4) 0.91(0.03) E2 13/2− → 9/2−
2→3 143.6 0.5(0.1) 0.61(0.10) M1/E2 13/2− → 11/2−
2 986.6 414.5 8.1(0.3) 0.82(0.03) E2 17/2− → 13/2−
2→3 155.1 0.96(0.1) 0.44(0.09) M1/E2 17/2− → 15/2−
2 1476.0 489.4 9.0(0.3) 0.83(0.03) E2 21/2− → 17/2−
2008.4 532.4 7.8(0.5) 0.87(0.03) E2 25/2− → 21/2−
2470.0 461.6 4.5(0.2) 0.83(0.02) E2 29/2− → 25/2−
2→4 385.0 6.3(0.3) 0.93(0.04) E2 29/2− → 25/2−
2→1 447.8 9.7(0.4) 0.43(0.03) E1 29/2− → 27/2+
2→yrast 667.0 1.5(0.3) 0.90(0.2) E1 29/2− → 29/2+
2 2906.3 436.3 18.1(0.6) 0.87(0.03) E2 33/2− → 29/2−
3432.7 526.4 17.5(0.6) 0.96(0.03) E2 37/2− → 33/2−
4058.2 625.5 16.3(0.6) 0.98(0.03) E2 41/2− → 37/2−
4778.6 720.4 13.9(0.6) 0.97(0.03) E2 45/2− → 41/2−
5579.2 800.6 10.5(0.4) 0.95(0.04) E2 49/2− → 45/2−
6429.2 850.0 9.5(0.4) 0.96(0.04) E2 53/2− → 49/2−
7285.9 856.7 8.0(0.4) 1.00(0.05) E2 57/2− → 53/2−
8151.7 865.8 4.7(0.3) 1.01(0.06) E2 61/2− → 57/2−
9064.0 912.3 4.1(0.3) 0.93(0.03) E2 65/2− → 61/2−
10037.9 974.0 2.9(0.3) 0.93(0.04) E2 69/2− → 65/2−
11082.2 1044.3 2.5(0.3) 0.93(0.04) E2 73/2− → 69/2−
12191.8 1109.6 2.2(0.3) 0.88(0.07) E2 77/2− → 73/2−
13318.0 1126.2 1.8(0.2) 0.89(0.09) E2 81/2− → 77/2−
14427.8 1109.7 1.5(0.2) 0.88(0.07) E2 85/2− → 81/2−
15530.5 1102.7 1.1(0.2) 0.98(0.20) E2 89/2− → 85/2−
16675.4 1145.0 0.9(0.1) 0.93(0.06) E2 93/2− → 89/2−
17883.8 1208.4 0.8(0.1) 0.97(0.17) E2 97/2− → 93/2−
19176.2 1292.4 0.7(0.1) 0.91(0.05) E2 101/2− → 97/2−
20364.6 1188.3 0.6(0.1) 0.97(0.17) E2 105/2− → 101/2−
Table 5.3: The measured properties of the transitions in Band 2 of 159Er, *[Str75].
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Figure 5.9: Coincidence spectra from the decay of states in the Band 3 of 159Er.
Spectrum in (a) shows the three new transitions of 403-keV, 410-keV and 490-keV in
coincidence with the previously observed transitions, produced with a sum of triple
gates set on transtions marked with c, 145-keV, 284-keV, 403-keV and 1009-keV
in coincidence with the transitions marked with d, 485-keV, 588-keV and 687-keV.
Spectrum in (b) displays the majority of transitions in Band 3 in coincidence with the
most intense transitions of the yrast band. Produced with a sum of triple gates on
in-band transitions from the decay of the 31/2+ state to 83/2+ state. In the specta,
linking transitions are marked in green and transitions of the yrast band in blue.
energy transitions in this band are presented in Figure 5.10. The coincidence spectrum
shown in (a) is produced with a sum of triple gates set on in-band transitions from the
decay of the 43/2− state to 79/2− state in coincidence with the 1207-keV transition,
and in (b) is produced with a sum of the same triple gates in coincidence with the
1222-keV transition. These spectra verify that the 1232-keV and 1297-keV transitions
are in coincidence with 1207-keV. The transition of 1225-keV, in a parallel sequence,
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Figure 5.10: Spetra of coincidence transitions from the decay of states above 39/2−
in band 3. A Spectrum in (a) is produced from a sum of triple gates set on the coinci-
dence transitions from the decay of the 39/2− state to the 79/2− state in coincidence
with 1209-keV transition, and in (b) is produced from a sum of the same triple gate in
coincidence with 1222-keV transition. In the specta, the transitions that are linking
Band 3 to the yrast band marked in red, and a yrast transition of 625-keV is marked
in in blue.
is in coincidence with the 1222-keV transition above the 79/2− state. The spectra
also show the dramatic reduction in the gamma-ray intensity above this state.
Angular intensity-ratio measurements have been performed to identify the multipo-
larity of transitions but, because of the low of statistics, in many cases this has not
been possible. Otherwise the obtained values confirm previously reported transitions
in this band [Sim87, Del87]. The measured properties of the transitions (Relative
intensity, Angular-intensity ratios and multipolarity assignment ) in Band 3 are given
in Table 5.4.
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Figure 5.11: Coincidence spectra produced with a sum of triple gates set on in-band
transitions in the Band 4 of 159Er. (a) from the decay of the 29/2− to the 77/2− state,
that shows all coincidence transitions in Band 4 with the five first transitions of the
Band 2, ground state band, and the most intense two transitions in the bottom of the
yrast band of 159Er. The linking transitions are marked in green, the transitions of the
Band 2 are marked with asterisks and yrast transitions in blue. (b) from the decay
of the 29/2− state to the 69/2− state in coincidence with the 1046-keV transition. A
spectrum shows coincidence transition from the decay of states above 41/2−.
5.4.5 Band 4 (−, +1/2)
This band has the same signature (−1/2) as Band 2, the ground state band, and has
been previously studied up to a tentative spin and parity of (77/2−) by Deleplanque et
al., [Del87]. In the current work this band has been extended by two new transitions
up to state of 85/2− with gamma-ray energies of 1072-keV and (1140)-keV tentatively,
in addition a tentative gamma-ray of (1111)-keV, which populates the 77/2− level.
The spectrum in Figure 5.11(a) produced with a sum of triple gates set on in-band
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Band Eex. (keV) Eγ (keV) Iγ R Multipol. Transition
3 144.6 144.6 2.4(0.2) 0.8(0.04) E2 7/2− → 3/2−
428.4 283.8 0.87(0.1) 0.82(0.05) E2 11/2− → 7/2−
3→2 171.0 0.85(0.1) 0.4(0.07) M1/E2 11/2− → 9/2−
3 831.5 403.1 1.1(0.1) E2∗ 15/2− → 11/2−
3→2 259.5 0.7(0.1) 15/2− → 13/2−
3 1321.7 490.1 1.0(0.1) (19/2−)→ 15/2−
3 1846.3 524.7 0.9(0.1) (23/2−)→ (19/2−)
3 2256.7 410.4 0.8(0.1) 27/2− → (23/2−)
3→yrast 1009.4 4.3(0.4) 0.53(0.07) E1 27/2− → 25/2+
3 2657.8 401.0 2.2(0.2) 1.00(0.07) E2 31/2− → 27/2−
3→2 854.7 14.4(0.6) 0.65(0.03) E1 31/2− → 29/2+
3 3142.4 484.6 15.5(0.4) 0.97(0.05) E2 35/2− → 31/2−
3→2 713.5 8.5(0.4) 0.44(0.06) E1 35/2− → 33/2+
3 3729.7 587.6 15.7(0.6) 1.35(0.07) E2 39/2− → 35/2−
4416.5 686.6 10.8(0.4) 0.92(0.04) E2 43/2− → 39/2−
5188.1 771.6 9.1(0.4) 0.98(0.04) E2 47/2− → 43/2−
6020.7 832.6 8.6(0.4) 0.93(0.07) E2 51/2− → 47/2−
6876.6 855.9 5.1(0.3) E2∗ 55/2− → 51/2−
7746.7 870.1 3.8(0.3) 0.97(0.05) E2 59/2− → 55/2−
8657.6 910.9 3.3(0.3) 0.98(0.05) E2 63/2− → 59/2−
9624.7 967.2 2.1(0.3) 1.01(0.06) E2 67/2− → 63/2−
10652.1 1027.3 1.9(0.3) 0.91(0.09) E2 71/2− → 67/2−
11738.6 1086.3 1.5(0.2) 0.91(0.06) E2 75/2− → 71/2−
12885.2 1146.6 1.2(0.2) 0.92(0.07) E2 79/2− → 75/2−
14092.6 1207.4 1.0(0.2) 0.97(0.11) E2 83/2− → 79/2−
14106.8 1221.6 0.8(0.1) (83/2−)→ 79/2−
15324.7 1232.1 0.7(0.1) (87/2−)→ 83/2−
15331.8 1225.0 0.6(0.1) (87/2−)→ (83/2−)
16621.3 1296.6 0.6(0.1) (91/2−)→ (87/2−)
Table 5.4: Illustrates the measured properties (Relative intensity, Angular-intensity
ratios and multipolarity assignment) of the γ-ray transitions in Band 3 of 159Er, * the
multipolarity of 403 and 856 keV transitions assigned acoording to [Del87]
.
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Band Eex. (keV) Eγ (keV) Iγ R Multipol. Transition
4→1 2085.0 640.2 6.8(0.3) 0.65(0.02) E1 25/2− → 23/2+
4 2548.5 463.8 1.5(0.1) 0.81(0.02) E2 29/2− → 25/2−
4→2 540.1 3.4(0.2) 0.99(0.04) E2 29/2− → 25/2−
4→yrast 745.4 1.7(0.1) E1∗ 29/2− → 29/2+
4 3095.4 547.0 5.1(0.3) 0.94(0.05) E2 33/2− → 29/2−
4→2 625.4 2.0(0.2) 33/2− → 29/2−
4 3691.4 595.6 9.3(0.2) 0.85(0.07) E2 37/2− → 33/2−
4347.9 656.8 7.8(0.5) 0.97(0.04) E2 41/2− → 37/2−
5068.5 720.7 6.2(0.5) 0.91(0.03) E2 45/2− → 41/2−
5844.0 775.5 5.0(0.3) 1.14(0.06) E2 49/2− → 45/2−
6662.8 818.7 4.3(0.3) 0.96(0.06) E2 53/2− → 49/2−
7528.2 865.5 3.4(0.3) 0.92(0.06) E2 57/2− → 53/2−
8434.0 905.8 3.2(0.3) 0.98(0.06) E2 61/2− → 57/2−
9351.6 917.7 2.1(0.3) 0.89(0.07) E2 65/2− → 61/2−
10299.9 948.2 1.6(0.2) 1.02(0.08) E2 69/2− → 65/2−
11294.9 995.0 1.5(0.2) 0.97(0.07) E2 73/2− → 69/2−
12340.5 1045.6 1.2(0.2) 0.98(0.21) E2 77/2− → 73/2−
13412.6 1072.3 0.9(0.2) 0.94(0.05) E2 81/2− → 77/2−
13451.2 (1111.0) 0.7(0.1) (81/2−)→ 77/2−
14552.3 (1139.7) 0.85(0.1) (85/2−)→ 81/2−
Table 5.5: Illustrates the measured properties (Relative intensity, Angular-intensity
ratios and multipolarity assignment) of the γ-ray transitions in Band 4 of 159Er, * the
multipolarity of 745.4-keV transition assigned acoording to [Del87].
transitions from the decay of the 33/2− state to the 77/2− state, clearly shows all
the transitions in Band 4, in coincidence with the five first transitions of the Band
2, ground state band. A spectrum of gamma-ray transitions from the decay of states
above 41/2− is presented in Figure 5.11(b) which was produced with a sum of triple
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Figure 5.12: Spectrum produced with a sum of triple gates set on the in-band
transitions of Band 5, from the decay of the 33/2− state up to 61/2− state. Transitions
in band 5 can be seen, with the five first transitions of the ground state and the most
intense first three transitions of the yrast band. The transitions of the ground state
band are marked with asterisks and yrast transitions in blue.
gates set on in-band transitions from the decay of the 33/2− state to the 69/2− state
in coincidence with 1046-keV. The excitation energy of Band 4 has been altered from
2007-keV to 2085-keV as shown in the decay scheme Figure 5.2. The obtained angu-
lar intensity-ratios confirm that the 385-keV and 540-keV transitions have stretched
electric quadrupole (E2) character, and 640-keV transition is of a stretched electric
dipole (E1) charactor, as illustrated in Figure 5.3, and Tables 5.5 and 5.3. Thus the
first transition in this band becomes 464-keV.
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Band Eex. (keV) Eγ (keV) Iγ R Multipol. Transition
5→2 2662.5 654.1 2.1(0.2) 0.96(0.06) E2 29/2− → 25/2−
5 3232.7 570.0 1.9(0.2) 0.91(0.03) E2 33/2− → 29/2−
3849.6 617.2 1.8(0.2) 0.84(0.02) E2 37/2− → 33/2−
4512.5 662.9 1.7(0.2) 0.97(0.06) E2 41/2− → 37/2−
5231.6 719.1 1.5(0.2) 0.96(0.05) E2 45/2− → 41/2−
6002.2 770.6 1.4(0.2) 0.93(0.09) E2 49/2− → 45/2−
6797.8 795.6 1.2(0.2) 0.92(0.08) E2 53/2− → 49/2−
7631.9 834.1 1.1(0.2) 0.91(0.02) E2 57/2− → 53/2−
8526.9 895.0 1.0(0.2) 0.86(0.07) E2 61/2− → 57/2−
9478.7 951.7 0.9(0.1) 0.98(0.12) E2 65/2− → 61/2−
10455.4 981.1 0.8(0.1) 0.91(0.03) E2 69/2− → 65/2−
11495.1 (1035.4) 0.7(0.1) 0.96(0.07) E2 (73/2−)→ 69/2−
Table 5.6: Illustrates the measured properties (Relative intensity, Angular-intensity
ratios and multipolarity assignment) of the γ-ray transitions in Band 5 of 159Er.
5.4.6 Band 5 (−, +1/2)
Band 5 has not been discussed previously, but a sequence of four gamma-rays with
energies of 570-keV, 617-keV, 663-keV and 719-keV appearing to decay into the 25/2−
state of Band 2 , has previously been observed by Deleplanque et al.,[Del87]. The
present results indicate that Band 5 has the same parity and signature as the Band 2,
ground state band (−,+1/2), and is based on these four transitions, decaying to the
25/2− state of the ground state band by a newly found gamma-ray transition of enregy
654-keV. The nature of this decay has been established definitely as a stretched E2
transition, using the angular intensity-ratio measurement technique, which confirms
the assignment of negative parity for Band 5. Furthermore, Band 5 has been extended
up to possible state of (73/2−) with a sequence of six new stretched E2 transitions,
and in addition a tentatively assigned (1035)-keV transition. A coincidence spectrum
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of transitions in Band 5, which shows them to be in coincidence with the transitions
in Band 2 up to the 25/2− state, is displayed in Figure 5.12. This is produced from
employing a sum of triple gates of in-band transitions from the decay of the 33/2−
state to the 61/2− state. Table 5.6 illustrates the properties of all the transitions in
Band 5.
5.4.7 Band 10 (−, −1/2)
A sequence of three tentative coincidence transitions of gamma-ray energies 1053-keV,
1005-keV and 941-keV has been previously observed by Deleplanque et al.,[Del87], and
thought to decay to the main level scheme through the 81/2+ state in the yrast band.
In the present analysis, the transitions have been found to be part of a new rotational
sequence, Band 10, of ten low intensity transitions and a tentative transition, which
extends from (51/2−) up to a possible (95/2−) state. This band depopulates mainly
to the 49/2+ and 53/2+ states of the yrast band through 1029-keV and 1005-keV
transitions, but also decays to the 51/2− and 55/2− states of Band 3 through 1143-keV
and 1170-keV transitions. The 1005-keV gamma-ray appeared remarkably strongly
in coincidence with transitions of the yrast band, and this gamma-ray (1005 keV)
looks to be in coincidence with the 1004-keV gamma-ray ordered after the 884-keV
and 945-keV transitions. Photopeaks of coincidence transitions observed in Band 10
are presented in the spectrum of Figure 5.13, which were observed in coincidence
with the transitions in the yrast band up to state 53/2+. This spectrum is produced
with a sum of triple gates set on in-band transitions from the decay of the (55/2−)
state to the (91/2−) state, shows the 805-keV, 884-keV, 945-keV, 1004-keV, 1054-
keV, 1085-keV, 1146-keV, 1208-keV and 1295-keV transitions in this new band, in
coincidence with the first three transitions, 208-keV, 350-keV and 465-keV, of the
yrast band. The angular intensity-ratio measurement for the linking transition of
1143-keV is consistent with the value of that of a stretched electric quadrupole (E2)
transition, suggesting that Band 10 has negative parity and a signature of −1/2. The
measurements for gamma-ray transitions are tabulated in Table 5.7, the multipolarity
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Figure 5.13: Coincidence spectra produced with a sum of triple gates set on in-band
transitions in the Band 10 of 159Er from the decay of the (55/2−) state to the (91/2−)
state, marked with c, in coincidence with the first three transitions, 208-keV, 350-keV
and 465-keV, of the yrast band marked with d. The transitions of the yrast band are
marked in blue and linking transitions in green.
of the majority of transitions in Band 10 have not been assigned, due to this band
being extremely weakly populated with low intensity transitions.
5.4.8 TSD 1 (−, +1/2)
This band comprises of ten weakly populated transitions of 911-keV, 948-keV, 990-
keV, 1034-keV, 1074-keV, 1114-keV, 1151-keV, 1214-keV, 1270-keV and 1341-keV,
which were observed previously by Ollier and Simpson [Oll09] in a study of the triaxial
strongly deformed structures in 159,160Er. The spectrum of this weakly populated
structure is shown in Figure 5.14. The gamma-ray transitions in the TSD1 band are
72
Band Eex. (keV) Eγ (keV) Iγ R Multipol. Transition
10→yrast 63578.5 1029.3 2.0(0.4) (51/2−)→ 49/2+
10 7163.4 805.4 1.5(0.3) 0.97(0.1) E2 (55/2−)→ (51/2−)
10→yrast 1004.9 0.9(0.4) (55/2−)→ 53/2+
10→3 1142.7 0.8(0.1) 0.94(0.06) E2 (55/2−)→ 51/2−
10 8047.0 883.6 1.5(0.3) 0.99(0.01) E2 (59/2−)→ (55/2−)
10→3 1170.4 0.7(0.2) (59/2−)→ 55/2−
10 8991.6 944.6 1.4(0.3) 0.93(0.03) E2 (63/2−)→ (59/2−)
9995.5 1003.8 1.3(0.3) 0.85(0.03) E2 (67/2−)→ (63/2−)
11036.0 1040.6 1.2(0.3) (71/2−)→ (67/2−)
12090.3 1054.3 1.0(0.2) (75/2−)→ (71/2−)
13174.9 1084.6 0.9(0.3) 0.94(0.07) E2 (79/2−)→ (75/2−)
14320.7 1145.7 0.8(0.3) (83/2−)→ (79/2−)
15528.7 1208.2 0.6(0.3) 0.98(0.16) E2 (87/2−)→ (83/2−)
16823.8 1295.1 0.5(0.2) (91/2−)→ (87/2−)
18158.5 (1334.7) 0.4(0.2) (95/2−)→ (91/2−)
Table 5.7: Illustrates the measured properties (Relative intensity, Angular-intensity
ratios and multipolarity assignment) of the γ-ray transitions in Band 10 of 159Er.
observed in coincidence with transtions of the yrast band in 159Er. This spectrum
was produced with a sum of double gates set on all transitions in the TSD1 band,
in the three dimensional (E3γ) cube analysis. The multipolarity of the transitions, or
the spins and parities of the states, could not be assigned definitely. The assignments
have previously ([Oll09]) been assumed to be E2 transitions in the calculation of
the dynamic moment of inertia J (2), for a negative parity band of signature −1/2.
The excitation energy of this band assumed on the comparisons with results from
Cranked Nilsson-Strutinsky (CNS) calculations [Oll09]. The measured gamma-ray
energies and relative intensities of the transitions in the TSD1 band are presented in
Table 5.8.
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Figure 5.14: A spectrum produced with a sum of double gates set on transitions
of the 911-keV, 948-keV, 990-keV, 1034-keV, 1074-keV, 1114-keV, 1151-keV, 1214-
keV, 1270-keV and 1341-keV gamm-rays marked with asterisks. All transitions in the
Triaxial Strongly Deformed band (TSD1) are in coincidence with transitions of the
yrast band in 159Er.
5.4.9 Gamma Vibrational Band (+, +1/2)
The gamma-vibrational band in 159Er was unknown previously. A new sequence of
fifteen in-band gamma-ray transitions has been observed for the first time in the
current work. The excited states from 21/2+ to 49/2+ in this band are strongly
coupled to the yrast, through a series of high-energy gamma-ray transitions of 1015-
keV, 1104-keV, 1135-keV, 1128-keV, 1113-keV, 1119-keV, 1168-keV and 1235-keV.
The linking transition at each state was observed in coincidence by setting double
gates on two coincidence gamma-rays above the state of interest. A representative
74
Band Eex. (keV) Eγ (keV) Iγ R Multipol. Transition
TSD1 (8619.4) 911.0 1.15(0.5) (61/2−)→ (57/2−)
(9567.4) 948.0 1.14(0.5) (65/2−)→ (61/2−)
(10557.8) 990.5 1.1(0.3) (69/2−)→ (65/2−)
(11591.4) 1033.6 1.0(0.3) (73/2−)→ (69/2−)
(12665.0) 1073.6 0.9(0.2) (77/2−)→ (73/2−)
(13778.6) 1113.6 0.8(0.2) (81/2−)→ (77/2−)
(14929.6) 1151.0 0.7(0.2) (85/2−)→ (81/2−)
(16143.3) 1213.7 0.6(0.1) (89/2−)→ (85/2−)
(17413.8) 1270.5 0.5(0.1) (93/2−)→ (89/2−)
(18754.6) 1340.9 0.4(0.1) (97/2−)→ (91/2−)
Table 5.8: The measured properties of the γ-ray transitions in TSD1 band of 159Er.
spectra for coincidence transitions in this band is shown in Figure 5.15, produced with
a sum of triple gates on low-spin transitions from the decays of the 21/2+ state to the
57/2+ state in coincidence with the 208-keV yrast transition is displayed in (a), whilst
the coincidence events from a sum of triple gates set on transitions from the decay
of the 21/2+ state to the 57/2+ state is displayed in (b). The coincidence events in
Figure 5.15(b) clearly show the 360 keV transition that populates a tentative state
(17/2+) below the state 21/2+. The spectra show extremely low intensity coincidence
transitions of gamma-ray energies 489-keV, (499)-keV, (639)-keV and 666-keV, which
are connecting γ-vibrational band at low spins (17/2+), 21/2+ and 25/2+ to the yrast
band and with its signature partner (Band 1) through a ∆I = 1 transition. Thus the
band-head excitation energy of the γ-vibrational band has been identified at 1089-
keV. Angular intensity-ratios have been measured for seven of the linking transitions,
and all are consistent with that of a stretched electric quadrupole (E2) transitions,
which means this band can be assigned positive-parity with signature (+, 1/2). The
assignment of the multipolarity of in-band transitions means the spin and parity of
states has been identified from 21/2+ to 61/2+. The measured transition energies,
75
relative intensities and angular intensity-ratios for the gamma-rays in the γ-vibrational
band are presented in Table 5.9.
5.5 Strongly Coupled High K Structures
The partial level scheme for 159Er constructed from the present work showing the
strongly coupled high-K structures is displayed in Figure 5.16. Three strongly coupled
structures associated with transitions in 159Er have been observed by Simpson et al.,
[Sim98], but in this work only two strongly coupled high-K bands were observed.
The first pair are labelled as Bands 6 and 7 and the second structure comprises of the
coupling of Bands 8 and 9. The third strongly coupled band is not reported in the
current work, and it has been associated with transitions in 161Er and discussed in
[Che11]. Angular intensity-ratio measurements have been performed to confirm the
multipolarity of linking transitions, as well as in-band and crossover transitions in
the coupled bands, observed previously by Simpson et al., [Sim98] and Deleplanque
et al., [Del87]. Typical measurements for the angular intensity-ratios as a function
of transition energy for gamma-ray transitions in the two strongly coupled high-K
structures in 159Er are presented in Figure 5.17.
5.5.1 Strongly Coupled Bands 6 and 7
The first candidate for a strongly coupled high-K structure in 159Er was observed by
Deleplanque et al., [Del87], and in the present work is represented by Bands 6 and
7 in Figure 5.16. This coupled band had previously been extended by Simpson et
al., [Sim98] up to spin 87/2− and 85/2− by two transitions for each signature, and
in addition two linking transitions were observed. The two transitions decaying out
of the structure are the 1795-keV and 1445-keV gamma-rays linking the tentatively
assigned 19/2− state in Band 6 to the 17/2+ and 21/2+ yrast states. The spin and
parity of Band 7 levels had in fact been previously assigned by Deleplanque et al.,
[Del87] based on the angular intensity-ratio measurements for linking transitions
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Figure 5.15: Coincidence spectra showing transitions in γ-vibrationl band of 159Er.
Spectrum (a) produced with a sum of triple gates on in-band transitions in γ-
Vibrationl band ( marked with asterisks) from the decay of the 21/2+ state to the
57/2+ state in coincidence with the 208-keV yrast transition. Spectrum (b) is pro-
duced with a sum of triple gates set on the in-band transitions marked with asterisks
to display a transition of 360-keV in coincidence with low-spin linking transitions and
in-band transitions of the γ-vibration band.
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Band Eex. (keV) Eγ (keV) Iγ R Multipol. Transition
γ-Band→1 1089 (499.4) 0.6(0.1) (17/2+)→ 15/2+
γ-Band 1448.7 359.6 1.5(0.5) 21/2+ → (17/2+)
→yrast 665.9 0.8(0.1) 21/2+ → 21/2+
1015.4 1.9(0.3) 0.86(0.07) E2 21/2+ → 17/2+
→1 489.4 0.7(0.2) 21/2+ → 19/2+
γ-Band 1886.3 437.6 2.6(0.3) 1.12(0.13) E2 25/2+ → 21/2+
→yrast (638.9) 0.9(0.2) 25/2+ → 25/2+
→yrast 1103.5 1.5(0.2) 0.8(0.08) E2 25/2+ → 21/2+
γ-Band 2381.9 495.6 2.3(0.2) 1.06(0.09) E2 29/2+ → 25/2+
→yrast 1134.5 2.1(0.1) 1.1(0.14) E2 29/2+ → 25/2+
γ-Band 2931.0 549.1 1.9(0.1) 0.98(0.13) E2 33/2+ → 29/2+
→yrast 1127.9 2.0(0.1) 0.81(0.07) E2 33/2+ → 29/2+
γ-Band 3541.4 610.5 4.8(0.4) 0.91(0.09) E2 37/2+ → 33/2+
→yrast 1112.8 3.5(0.4) 0.86(0.05) E2 37/2+ → 33/2+
γ-Band 4222.3 680.9 4.5(0.4) 0.98(0.15) E2 41/2+ → 37/2+
→yrast 1118.7 1.7(0.4) 0.86(0.05) E2 41/2+ → 37/2+
γ-band 4980.0 757.7 3.3(0.3) 0.85(0.03) E2 45/2+ → 41/2+
→yrast 1168.2 1.4(0.3) 0.97(0.1) E2 45/2+ → 41/2+
γ-Band 5785.6 805.5 1.9(0.3) 0.86(0.13) E2 49/2+ → 45/2+
→yrast 1235.4 0.9(0.1) 1.16(0.16) E2 49/2+ → 45/2+
γ-Band 6607.4 821.8 1.7(0.3) 0.97(0.10) E2 53/2+ → 49/2+
γ-Band 7467.7 860.0 1.6(0.3) 0.99(0.13) E2 57/2+ → 53/2+
γ-Band 8390.5 922.9 1.5(0.3) 0.87(0.06) E2 61/2+ → 57/2+
→yrast 1357.3 1.0(0.2) 61/2+ → 57/2+
γ-Band 9377.2 986.6 1.3(0.1) (65/2+)→ 61/2+
10387.8 1010.6 1.2(0.1) (69/2+)→ (65/2+)
11383.7 995.8 1.1(0.1) 1.1(0.17) E2 (73/2+)→ (69/2+)
12426.9 1043.3 0.8(0.1) 0.8(0.11) E2 (77/2+)→ (73/2+)
Table 5.9: Illustrates the measured properties (Relative intensity, Angular-intensity
ratios and multipolarity assignment) of the γ-ray transitions in γ-Vibrational band
of 159Er.
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Figure 5.16: partial level scheme for 159Er costructed from the present work for the
strongly coupled bands connected with the yrast Band, Band 1 and Band 2. The
transition energies are given in keV, and the width of the arrows indicate the relative
intensities of the transitions. Beneath each band in italics, the bandhead energy is
given in keV. Spins and parities are based on measurements of angular intensity-ratios,
and parenthesis indicate tentative spin and parity assigments. Where the observation
of a transition is considered tentative, a dashed arrow and parenthesis are used.
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decaying from the state 25/2− state. The 1270-keV transition decays to the 25/2+
excited state of the yrast band, the 1072-keV transition to the 23/2+ state of Band
1, the 1041-keV transition to the 21/2− state of the Band 2, and the 806-keV tran-
sition decays to a tentative parity 23/2(+) state of excitation energy 1711-keV. The
present work confirms the previous observations of gamma-ray transition energies in
Bands 6 and 7 with small differences of 1-2 keV from the previously reported values.
The position of the 1166-keV, 1196-keV and 1209-keV transitions have been changed
between favoured and unfavoured signature bands at high spins. In addition, Band
6 has been extended by two tentative transitions of (1202)-keV and (1218)-keV, and
a new sequence of transitions of 1205-keV and (1352)-keV in parallel with band 7
has been established at high spin, which feed into the 77/2− state via a previously
observed transition of 1166-keV. Gamma-ray spectra in Figure 5.18 (a) and (b) show
coincidence transitions in Bands 6 and 7. The spectrum in Figure 5.18 (a) is obtained
from a sum of triple gates set on crossover transitions from 162-keV to 340-keV. The
spectra confirm the linking transitions that connect Bands 6 and 7 to the yrast band
and Bands 1 and 2, as well as the linking transitions with energy 806-keV and 929-keV
which infer an excited state at 1171-keV. The spectrum in (b) is obtained from a sum
of triple gates set on crossover transitions from 162-keV to 445-keV. The coincidence
spectra from the decay of highest spin transitions in these strongly coupled bands
are presented in Figures 5.19 (a) and (b), which were produced from a sum of triple
gates set on crossover transitions from 130-keV to 326-keV in coincidence with (a)
the 1072-keV, 1125-keV and 1196-keV transitions from Band 6 and (b) the 1109-keV
transition from Band 7.
In the current work angular intensity-ratio measurements have been performed for
these strongly coupled bands, the measurements for linking transitions confirm the
previous multipolarity assignment for the 1270-keV. The value was consistent with
that of the stretched electric dipole transition (E1). The multipolarity of the 806-
keV gamma-ray, which decays to a tentative parity 23/2(+) state and of the 928 keV
transition decays from this tentative state to the yrast band, were found to have
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Figure 5.17: Angular intensity-ratios, R, for gamma-rays as a function of transition
energy for the strongly coupled high-K bands in 159Er, labelled as Band 6, Band 7,
Band 8 and Band 9.
angular intensity-ratios consistent with the character of a stretched dipole (E1 or
M1) transitions. Consequently the spin of the state at excitation energy of 1711-
keV has been established as 23/2(+) with a tentative parity. The obtained values
of the angular intensity-ratios for ∆I = 1 crossover transitions and ∆I = 2 in-band
transtions were consistent with charactor of the mixed M1/E2 and of the stretched
electric quadrupole (E2) transitions respectively. The gamma-ray energies, relative
intensities, angular intensity-ratios, and the electromagnetic character of coincidence
transitions in Bands 6 and 7 are presented in Tables 5.10, 5.11, 5.12 and 5.13.
5.5.2 Strongly Coupled Bands 8 and 9
Bands 8 and 9 in Figure 5.16 represent the second pair of strongly coupled bands in
159Er, observed previously by Simpson et al., [Sim98] with seven transitions in each
signature. The bands for both signatures were connected via fourteen crossover
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Figure 5.18: Coincidence spectra for gamma-ray transitions in strongly coupled bands
6 and 7 of 159Er, produced with a sum of triple gates set on ∆I=1 transitions from the
decay of the 27/2− state to the 43/2− state, and from the decay of the 27/2− state to
the 63/2− state in (a) and (b) respectively, both spectra showing the transitions up
to energy range of 1300-keV. The upper panel spectrum in (a) is magnified 30 times
relative to the photo-peaks in (a) to display linking transitions of 1270-keV, 1445-keV
and 1795 keV. The photopeaks correspond to crossover transitions are marked in red,
yrast transitions in blue, those are correspond to the transitions in bands 1 and 2 are
labelled with #, and the linking transitions are labelled with triangles.
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Figure 5.19: The spectra produced with a sum of triple gates set on ∆I = 1 transitions
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Figure 5.20: Coincidence spectra for gamma-ray transitions in strongly coupled bands
and 9 of 159Er, (a) produced with a sum of triple gates set on ∆I = 1 transitions
marked with asterisks, from the (33/2+) state to the (67/2+) state incoincidence
with the 983-keV transition, spectrum (b) was produced with a triple gate set on the
249-keV and 272-keV transitions, from the decay of Bands 6 and 7, and the 214-keV
transition from band 9, and (c) was produced with a double gate on 226-keV and
246-keV transitions from the decay of the (41/2+) and (43/2+) states in bands 8
and 9. The photopeaks corresponding to crossover transitions are marked in red, the
low-spin transitions in bands 6 and 7 are labelled with triangles, yrast transitions are
marked in blue, and the linking transitions of 834-keV are labelled with #.
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Band Eex. (keV) Eγ (keV) Iγ R Multipol. Transition
6→yrast 2228.0 1445.2 1.2(0.2) (19/2−)→ 21/2+
1794.7 1.4(0.2) (19/2−)→ 17/2+
6→7 2387.1 (99.4) 0.5(0.05) 23/2− → (21/2−)
6 2679.3 292.2 1.8(0.1) E2∗ 27/2− → 23/2−
6→7 162.4 1.9(0.1) 0.55(0.2) M1/E2 27/2− → 25/2−
6 3094.3 415.1 3.6(0.1) E2 31/2− → 27/2−
6→7 221.6 5.5(0.2) 0.52(0.02) M1/E2 31/2− → 29/2−
6 3615.0 520.7 6.2(0.2) 0.94(0.06) E2 35/2− → 31/2−
6→7 272.0 4.8(0.2) 0.58(0.02) M1/E2 35/2− → 33/2−
6 4219.7 605.2 5.7(0.4) 0.97(0.10) E2 39/2− → 35/2−
6→7 312.2 3.7(0.2) 0.57(0.02) M1/E2 39/2− → 37/2−
6 4886.2 667.0 3.4(0.2) 0.90(0.04) E2 43/2− → 39/2−
6→7 340.1 2.9(0.1) 0.62(0.03) M1/E2 43/2− → 41/2−
6 5593.4 706.8 3.6(0.3) 0.94(0.02) E2 47/2− → 43/2−
6→7 357.1 2.7(0.1) 0.44(0.06) M1/E2 47/2− → 45/2−
6 6325.6 732.9 2.6(0.2) 0.95(0.05) E2 51/2− → 47/2−
6→7 369.5 3.2(0.2) 0.59(0.03) M1/E2 51/2− → 49/2−
6 7088.6 764.9 2.4(0.1) 0.89(0.03) E2 55/2− → 51/2−
6→7 387.3 2.1(0.1) 0.64(0.02) M1/E2 55/2− → 53/2−
6 7903.3 814.7 1.8(0.1) 1.08(0.04) E2 59/2− → 55/2−
6→7 414.4 1.7(0.2) 0.64(0.02) M1/E2 59/2− → 57/2−
6 8778.9 875.6 1.8(0.2) 0.96(0.03) E2 63/2− → 59/2−
6→7 445.4 3.2(0.2) 0.65(0.03) M1/E2 63/2− → 61/2−
6 9722.3 943.5 1.6(0.2) 0.86(0.04) E2 67/2− → 63/2−
6→7 478.8 1.3(0.1) 0.47(0.03) M1/E2 67/2− → 65/2−
6 10732.0 1009.7 1.5(0.2) 0.92(0.04) E2 71/2− → 67/2−
6→7 511.2 1.6(0.2) 0.55(0.08) M1/E2 71/2− → 69/2−
6 11803.7 1071.8 1.1(0.2) 0.91(0.11) E2 75/2− → 71/2−
6→7 540.6 0.7(0.2) 0.47(0.03) M1/E2 75/2− → 73/2−
Table 5.10: Illustrates the measured properties (Relative intensity, Angular-intensity
ratios and multipolarity assignment) of the γ-ray transitions in Band 6 of 159Er, * the
multipolarity of 1040.9 keV transition assigned acoording to [Del87].
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Band Eex. (keV) Eγ (keV) Iγ R Multipol. Transition
6 12928.5 1124.8 1.0(0.2) 0.9(0.12) E2 79/2− → 75/2−
6 14124.2 1195.6 0.9(0.2) (83/2−)→ 79/2−
6 15326.2 (1202.0) 0.8(0.2) (87/2−)→ (83/2−)
6 16544.2 (1218.0) 0.7(0.16) (91/2−)→ (87/2−)
Table 5.11: Illustrates the measured properties (Relative intensity, Angular-intensity
ratios and multipolarity assignment) of the γ-ray transitions form the decay of states
above 75/2− in Band 6 of 159Er.
transitions. It was predicted that these coupled bands decay to Bands 6 and 7, but
the nature of connection was never established. The nature of the connection has
been identifed for the first time in this work, through the 834-keV gamma-ray. The
spectra presented in Figure 5.20 clearly show this gamma-ray in coincidence with the
low-spin sequences of Bands 6 and 7 and the transitions in Bands 8 and 9, confirming
that Band 6 is linked to Band 8 through the 834 keV transition. The coincidence
spectrum in (b) was produced with a triple gate set on the 249-keV and 272-keV
transitions, from the decay of Bands 6 and 7, and the 214-keV transition from band
9, and the spectrum (c) was produced with a double gate on 226-keV and 246-keV
transitions from the decay of the (41/2+) and (43/2+) states in bands 8 and 9. The
angular intensity-ratio measurement for this transition indicates that its value is con-
sistent with that of a stretched dipole (M1 or E1) transition, which fits the decay path
from the (37/2+) state to the 35/2− state, from Band 8 to Band 6. Furthermore, a
tentative transition of 755 keV connects Band 9 with Band 7, through the decay path
from the (39/2+) state to the 37/2− state.
In the present work extentions have been established to low-spin and high-spin struc-
tures, three new weakly populated gamma-ray transitions of energies 418-keV, 463-
keV and 501-keV have been found at the bottom of Bands 8 and 9, and the new states
at bottom of the bands are connected through the 241-keV, 260-keV and 203-keV new
crossover transitions.
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Band Eex.(keV) Eγ(keV) Iγ R Multipol. Transition
7→6 2289.7 (59.7) 0.3(0.01) (21/2−)→ 19/2−
7→2 2516.9 1040.9 1.5(0.2) E2∗ 25/2− → 21/2−
7→yrast 1269.5 2.1(0.03) 0.86(0.04) E1 25/2− → 25/2+
7→1 1072.1 1.25(0.2) E1∗ 25/2− → 23/2+
7→6 130.1 0.8(0.05) 0.48(0.03) M1/E2 25/2− → 23/2−
→ 23/2(+) 806.3 1.1(0.2) 0.45(0.07) E1 or M1 25/2− → 23/2(+)
(+) →yr. 1711.0 928.8 1.0(0.2) 0.56(0.12) E1 or M1 23/2(+) → 21/2+
7 2872.8 355.9 1.7(0.1) E2∗ 29/2− → 25/2−
7→6 193.5 6.6(0.2) 0.65(0.04) M1/E2 29/2− → 27/2−
7 3343.0 471.3 4.4(0.2) 0.92(0.05) E2 33/2− → 29/2−
7→6 248.6 4.7(0.1) 0.58(0.02) M1/E2 33/2− → 31/2−
7 3907.6 564.6 4.2(0.4) 0.85(0.06) E2 37/2− → 33/2−
7→6 292.5 2.5(0.1) 0.6(0.02) M1/E2 37/2− → 35/2−
7 4546.0 638.5 3.8(0.3) 0.90(0.02) E2 41/2− → 37/2−
7→6 326.3 2.8(0.1) 0.61(0.02) M1/E2 41/2− → 39/2−
7 5236.3 690.1 3.5(0.2) 1.00(0.03) E2 45/2− → 41/2−
7→6 350.1 2.2(0.2) 45/2− → 43/2−
7 5956.1 720.6 3.0(0.3) 0.95(0.02) E2 49/2− → 45/2−
7→6 362.7 3.1(0.2) 0.62(0.03) M1/E2 49/2− → 47/2−
7 6701.4 746.6 2.6(0.2) 0.93(0.03) E2 53/2− → 49/2−
7→6 375.8 3.3(0.3) 0.58(0.02) M1/E2 53/2− → 51/2−
7 7488.9 787.5 2.4(0.2) 0.84(0.03) E2 57/2− → 53/2−
7→6 400.3 1.0(0.04) 0.55(0.02) M1/E2 57/2− → 55/2−
7 8333.4 844.5 2.1(0.3) 0.88(0.02) E2 61/2− → 57/2−
7→6 430.1 1.3(0.1) 0.62(0.03) M1/E2 61/2− → 59/2−
7 9242.4 910.0 2.0(0.2) 0.95(0.03) E2 65/2− → 61/2−
7→6 464.6 1.15(0.1) 65/2− → 63/2−
7 10220.6 977.2 1.7(0.2) 0.91(0.04) E2 69/2− → 65/2−
7→6 498.4 1.0(0.1) 0.64(0.05) M1/E2 69/2− → 67/2−
Table 5.12: Illustrates the measured properties (Relative intensity, Angular-intensity
ratios and multipolarity assignment) of the γ-ray transitions in Band 7 of 159Er, * the
multipolarity of 1040.9 keV transition assigned acoording to [Del87]
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Band Eex. (keV) Eγ (keV) Iγ R Multipol. Transition
7 11264.6 1043.8 1.4(0.2) 0.86(0.04) E2 73/2− → 69/2−
7→6 532.4 1.1(0.3) 73/2− → 71/2−
7 12373.8 1109.4 1.2(0.2) 0.87(0.03) E2 77/2− → 73/2−
7 13517.5 1143.6 1.1(0.2) 0.91(0.2) E2 81/2− → 77/2−
7 13539.4 1165.6 0.8(0.2) (81/2−)→ 77/2−
7 14726.2 1208.7 0.7(0.2) (85/2−)→ 81/2−
7 14744.8 1205.4 0.7(0.2) (85/2−)→ (81/2−)
7 16097.1 (1352.3) 0.6(0.2) (89/2−)→ (85/2−)
Table 5.13: Illustrates the measured properties (Relative intensity, Angular-intensity
ratios and multipolarity assignment) of the γ-ray transitions form the decay of states
above 69/2− in Band 7 of 159Er.
Thus the excitation energy of band 8 (unfavoured signature) and Band 9 (favoured
signature) have been extended down to the energy of 3745-keV and the 3986-keV,
with tentative bandhead spins and parity of (31/2+) and (33/2+) respectively. In
addition, new transitions have been observed at the top of the coupled bands, Band
8 extended up to spin (73/2+) with two new transitions of 1005-keV and 1015-keV,
and the transitions in Band 9 have been established up to spin (79/2+) with three
new transition of 992-keV, 1023-keV and 1069-keV. The spectrum in Figure 5.20 (a)
presents transitions in Bands 8 and 9 and is produced with a sum of triple gates
set on all crossover transitions from the decay of the (33/2+) state to (67/2+) state
in coincidence with the 983-keV transition. The electromagnetic character of the
majority of transitions in this strongly coupled band has been identified in this work
for the first time, from angular intensity-ratio measurements, which is consistent with
that of a mixed M1/E2 for ∆ I = 1 transitions, and ∆ I = 2 in-band transitions have
been established as E2 transitions. The transition properties in this pair of strongly
coupled bands are given in Tables 5.14 and 5.15.
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Band Eex. (keV) Eγ (keV) Iγ R Multipol. Transition
8→9 3986.0 240.9 0.7(0.09) 0.64(0.03) M1/E2 (33/2+)→ (31/2+)
8 4449.0 463.0 0.92(0.1) 0.83(0.01) E2 (37/2+)→ (33/2+)
8→9 203.3 0.88(0.1) 0.57(0.04) M1/E2 (37/2+)→ (35/2+)
8→6 833.9 1.2(0.2) 0.46(0.07) E1 or M1 37/2(+)→ 35/2−
8 4889.5 440.6 2.9(0.6) 0.81(0.01) E2 (41/2+)→ (37/2+)
8→9 226.4 2.5(0.1) 0.48(0.02) M1/E2 (41/2+)→ (39/2+)
8 5400.7 511.1 2.1(0.3) (45/2+)→ (41/2+)
8→9 265.1 3.0(0.3) 0.64(0.04) M1/E2 (45/2+)→ (43/2+)
8 6012.3 611.4 1.8(0.3) 0.83(0.03) E2 (49/2+)→ (45/2+)
8→9 317.9 1.6(0.2) 0.62(0.03) M1/E2 (49/2+)→ (47/2+)
8 6721.3 709.6 1.5(0.3) 1.02(0.06) E2 (53/2+)→ (49/2+)
8→9 366.6 1.55(0.2) 0.43(0.03) M1/E2 (53/2+)→ (51/2+)
8 7526.2 804.9 1.4(0.2) 1.03(0.05) E2 (57/2+)→ (53/2+)
8→9 414.0 1.45(0.2) 0.58(0.03) M1/E2 (57/2+)→ (55/2+)
8 8417.5 891.3 1.3(0.3) 0.84(0.07) E2 (61/2+)→ (57/2+)
8→9 455.5 1.2(0.1) (61/2+)→ (59/2−)
8 9381.6 964.1 1.15(0.3) 0.98(0.09) E2 (65/2+)→ (61/2+)
8→9 489.6 1.0(0.2) (65/2+)→ (63/2+)
8 10386.5 1004.9 0.85(0.2) (69/2+)→ (65/2+)
8 11404.2 1014.8 0.72(0.2) 0.96(0.06) E2 (73/2+)→ (69/2+)
Table 5.14: Illustrates the measured properties (Relative intensity, Angular-intensity
ratios and multipolarity assignment) of the γ-ray transitions in Band 8 of 159Er.
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Band Eex. (keV) Eγ (keV) Iγ R Multipol. Transition
9 4245.6 500.6 1.2(0.2) 0.88(0.02) E2 (35/2+)→ (31/2+)
9→8 259.7 0.6(0.1) (35/2+)→ (33/2+)
9 4663.1 417.5 1.5(0.08) (39/2+)→ (35/2+)
9→8 214.2 1.15(0.1) 0.59(0.05) M1/E2 (39/2+)→ (37/2+)
9→7 (755.4) 0.84(0.2) (39/2+)→ 37/2−
9 5135.6 472.4 2.8(0.3) 0.86(0.02) E2 (43/2+)→ (39/2+)
9→8 246.0 1.9(0.1) 0.45(0.03) M1/E2 (43/2+)→ (41/2+)
9 5694.2 558.6 1.4(0.2) 0.85(0.02) E2 (47/2+)→ (43/2+)
9→8 293.5 1.6(0.1) 0.57(0.02) M1/E2 (47/2+)→ (45/2+)
9 6354.7 660.6 1.4(0.2) 0.90(0.02) E2 (51/2+)→ (47/2+)
9→8 342.7 1.5(0.2) 0.65(0.02) M1/E2 (51/2+)→ (49/2+)
9 7112.2 757.4 1.3(0.1) 0.87(0.05) E2 (55/2+)→ (55/2+)
9→8 390.9 1.4(0.2) 0.48(0.05) M1/E2 (55/2+)→ (53/2+)
9 7961.9 849.7 1.25(0.2) 0.85(0.03) E2 (59/2+)→ (55/2+)
9→8 435.7 2.2(0.2) (59/2+)→ (57/2+)
9 8892.0 930.1 1.2(0.2) 0.85(0.06) E2 (63/2+)→ (59/2+)
9→8 474.5 2.1(0.2) (63/2+ →)(61/2+)
9 9874.9 982.9 1.1(0.3) 0.84(0.07) E2 (67/2+)→ (63/2+)
9→8 493.3 1.2(0.1) (67/2+)→ (65/2+)
9 19866.9 992.0 0.9(0.2) (71/2+)→ (67/2+)
11890.0 1023.1 0.76(0.1) (75/2+)→ (71/2+)
12959.3 1069.3 0.7(0.1) (79/2+)→ (75/2+)
Table 5.15: Illustrates the measured properties (Relative intensity, Angular-intensity
ratios and multipolarity assignment) of the γ-ray transitions in Band 9 of 159Er.
Chapter 6
Interpretation of Structure of 159Er
6.1 Introduction
Transitional rare-earth nuclei in mass region (A ≈ 150 − 160) generate their angu-
lar momentum from collective rotation and the alignment of single particle nucleons,
especially valence nucleons that are located outside the closed-shell of the doubly
magic nucleus 14664Gd82. The different bands of the nucleus at low spins are collective
rotational structures, as the spin increases pairs of particles align with the rotation
and at ultra-high spins the contribution of valence nucleons drives the band to a ter-
minating state, thus the nucleus loses its collectively. To verify this fact, a detailed
spectroscopic study has been undertaken of the band structure of the 15968Er91 nucleus
populated from the fusion evaporation reaction 116Cd(48Ca, 5n) using the Gammas-
phere array. In order to interpret the experimental results presented in chapter five,
Cranked Shell Model calculations have been performed [Naz85, Cwi87], which calcu-
late single particle energies as a function of the deformation parameter and rotational
frequency, for both neutrons and protons. The theoretical results have been used to
identify the quasiparticles involved in the structure of this nucleus and the interac-
tion between the quasiparticle orbitals that were used to interpert the structure of the
different bands. In addition, potential energy surface (PES) [Gne71] and Cranked-
Nilsson Strutinsky calculations [Car06, Ben85, Afa99] have been performed to predict
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the possible value of spin attained by bands at ultra high spins and to specify the
underlying structure.
To understand the nuclear structure properties of 15968Er91, the experimental variables
will be interpreted in terms of alignment and the rotational properties of the bands in
the level schemes shown in previous chapter, see Figures 5.1, 5.2 and 5.16. These can
be compared with the theoretical calculation to assign quasi-particle configurations
of the bands and specify the underlying structure of the 159Er nucleus.
6.2 Alignment and Rotational Properties of the
Bands
Experimentally, the nuclear structure properties of bands can be identified from the
alignment ix = Ix(ω)−Ix,ref (ω) [Ben79] as a function of rotational frequency, and the
excitation energy relative to a rotating liquid drop (rigid rotor reference) based on
the Lublin Strasbourg model [Pom83, Car06], as a function of spin (known as rigid
rotor plots without contribution of the core nucleons).
Ix is the aligned angular momentum Ix =
√
I(I + 1)−K2, at a given spin and the
rotational frequency can be related to the gamma-ray transition energy ω ' Eγ
∆Ix
' Eγ
2
,
whereas the rotational and the rigid rotor references are given by
Ix,ref (ω) = (J0 + J1)ω − i0 (6.1)
ERLD(I) =
h¯2
2Jrig I(I + 1) (6.2)
Harris parameters [Har65] J0 = 27.8MeV
−1h¯2 and J1 = 45MeV −3h¯
4 have been used
to define contribution of the core so as to reveal quasiparticle characters only. The
values are chosen from the mean values for two even-even neighbour isotopes with an
offset i0 = 0 to ensure that the alignment for ground state bands of
158, 160Er at low
rotational frequencies approximately zero, these values provide constant alignment
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for the quasineutron configuration after first backbend. The moment of inertia of the
rigid rotor reference is normalised to the 158Er nucleus [Afa99].
h¯2
2Jrig = 0.007(
158
A
)
5
3MeV (6.3)
6.3 Cranked Shell Model
To understand the motion of particles in the rotating frame, single particle (quasipar-
ticle) schemes have been produced using Cranked Shell Model calculations. The code
uses Universal Woods-Saxon potential, which requires the input of the deformation
parameters and nucleon (neutron and proton) number. The prolate shape, 15968Er91
nucleus has deformations β2 = 0.235 and β4 = 0.046 [Mol95] with thirteen valence
nucleons (9 neutrons and 4 protons) outside the doubly magic 14664Gd82 core. Its Fermi
level can be identified from the single particle energy as a function of quadrupole de-
formation schemes [Ben90], for neutrons, this level is located close to the high-j and
low-Ω intruder orbitals at the bottom of the Nosc = 6(ν i13/2) shell with the second
and the third orbitals from the Nosc = 5(νh9/2, νf7/2) subshell. The Fermi level for
protons is relevant to high-j orbitals emerging from the middle of the Nosc = 5(pih11/2)
subshell and from the states at the top of the Nosc = 4(pid5/2, pig7/2 and pid3/2) sub-
shell with the lowest (pih9/2) orbital [Pau09], as displayed in Figure 6.1 (a) and (b).
The occupation of the high-j low-Ω i13/2 neutron orbitals in this nucleus drives the
prolate deformation, giving rise to a dominant collective rotational structure.
Experimentally the 15968Er91 nucleus has a diverse range of band structures collective
rotational bands, strongly coupled bands, a gamma-vibration band and strongly de-
formed band. In order to identify the configuration and the characteristics of these
observed bands, Cranked-Shell Model calculation have been performed to calculate
quasiparticle energies in the rotating frame (Routhians) as a function of rotational
frequency as displayed in Figure 6.2 (a) and (b). The calculation relies on the defor-
mation parameters(β2, β4) and energy gap (∆) of the quasiparticles independent of
the rotational frequency. Values of ∆ = 1.0 and 1.13 MeV have been used respectively
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Figure 6.1: Single particle energy a function of quadrupole deformation ε2 for (a) neu-
tron and (b) protons, calculated with the A = 150 parameters [Ben90]. Positive-parity
levels are denoted by solid (black) lines and negative-parity levels by dashed (blue)
lines, respectively. The levels are labelled by asymptotic quantum numbers [Nn3λ]Ω.
Figure is taken from [Pau09].
to reproduce the value of the neutron and proton crossing frequencies for the yrast
band. The quasiparticle levels have been labelled for the orbitals originating from
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Figure 6.2: Cranked Shell Model calculations for (a) quasi-neutrons (b) quasi-protons
in the rotating frame as a function of rotational frequency for 159Er. The deformation
parameters used were β2 = 0.235, β4 = 0.046 and γ = 0
◦, and with pair gaps ∆n = 1.0
MeV and ∆p = 1.13 MeV. The quasiparticle labeling is given in Table 6.1. The solid
lines(red) show levels with parity and signature(pi, α) = (+, +1/2); dotted lines (red)
show (+, -1/2) levels; dot-dashed lines (blue) show (-, +1/2) and dashed lines (blue)
show (-, -1/2) levels.
Nilsson states [N, nz,Λ]Ω at ω = 0, the levels are labelled in terms of the parity
and signature (pi, α) of the bands based on the quasiparticle configurations. Table
6.1 explains the quasiparticle labels of the lowest positive- parity and negative-parity
orbitals occupied in 159Er, the labelling based on the convention in reference [Rie80].
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Quasiparticles Label (pi, α)n Nilsson orbital
Neutrons a (+, +1/2)1 i13/2[651]3/2
b (+, −1/2)1 i13/2[651]3/2
c (+, +1/2)2 i13/2[660]1/2
d (+, −1/2)2 i13/2[660]1/2
e (−, +1/2)1 h9/2[521]3/2
f (−, −1/2)1 h9/2[521]3/2
g (−, +1/2)2 f7/2[523]5/2
h (−, −1/2)2 f7/2[523]5/2
Protons A (−, −1/2)1 h11/2[523]7/2
B (−, +1/2)1 h11/2[523]7/2
C (−, −1/2)2 h9/2[541]1/2
D (−, +1/2)2 h9/2[541]1/2
E (+, −1/2)1 g7/2[404]7/2
F (+, +1/2)1 g7/2[404]7/2
Table 6.1: Quasiparticle labels for dominant Nilsson states origenated at h¯ω = 0 in
159Er.
The most probable configurations involved in the structure of the bands in 159Er
have been identified from the interaction strength the between the levels which vary
with rotational frequency at ω 6= 0 , and the alignment plots of the experimental
data at the crossing frequencies for typical i13/2 neutrons and h11/2 protons in Erbium
nuclei [Sim98]. Table 6.2 summarises the most probable configurations involved the
structure of 159Er.
6.4 Cranked Nilsson-Strutinsky Calculation (CNS)
The behaviour of band structures in nuclei at high-spin (or terminating) states can
be interpreted within the framework of the configuration-dependent Cranked Nils-
son Strutinsky (CNS) formalism without pairing, described in detail in references
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Band (pi, α) Quasiparticle Configurations
Yrast (+, +1/2) a→ abc→ abc⊗ AB
Band 1 (+, −1/2) b→ bad→ bad⊗ ABandEFand/orCD
Band 2 (+, −1/2) e→ eab→ eab⊗ AB ⊗ ubc
Band 3 (+, −1/2) f → fab→ fab⊗ AB ⊗ ubc
Band 4 (+, −1/2) gab→ gabef ⊗ AB
Band 5 (+, −1/2) ebc→ ebc⊗ AB
γ-Band (+, +1/2) γ⊗a→γ⊗abc⊗ AB
Bands 6 and 7 (+, −1/2) a⊗ AE(F )→ abc⊗ AE(F )→ abc⊗ AE(F )⊗BCandAD
Bands 8 and 9 (+, −1/2) eab⊗ AE(F )→ eab⊗ AE(F )BCandAD
Band 10 (+, −1/2) (habef)→ habef ⊗ AB)
Table 6.2: A summary of the quasiparticle configurations proposed for the bands
observed in 159Er.
[Ben85, Afa99, Car06]. This model calculates the potential energy surfaces of nucleus
(PES) [Gne71] as a function of angular momentum, for specific neutron and proton
configurations outside the core nucleus, in a plane of the quadrupole deformation (ε2)
(defined by the Lund convention [And76]), and triaxial parameter (γ). Furthermore,
the excitation energies relative to the rotating liquid drop energy as a function of spin
(rigid rotor plots) can be traced for fixed configurations, from the Cranked Nilsson
Strutinsky calculation.
For 159Er, the configurations are labelled by the occupation of the valence particles
relative to the 14664Gd82 core, with the shorthand notations[P1,P2,n1,n2,n3]
αtot for d5/2
proton holes, h11/2 protons and for the i13/2, h9/2, and f7/2 neutrons respectively. Cal-
culations of the potential energy surface have been carried out at spins Jpi = 85/2+,
89/2+, 97/2+, 101/2+, 105/2+ and 109/2+ for high-j h11/2 protons and i13/2 neutrons
of the [4, 3] configurations, with (pi, α) = (+, +1/2), the results are plotted in Figure
6.3.
The possible theoretical explanation for both signatures of the lowest positive and
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Figure 6.3: Calculated energy as a function of the shape of the nuclear potential. The
potential is specified using the quadrupole deformation parameter ε2 and the triaxi-
ality parameter γ. The energy surfaces are drawn for the (+,+1/2) pi(h11/2)
4ν(i13/2)
3
configuration of 159Er at spins 85/2, 89/2, 97/2, 101/2, 105/2 and 109/2. Contour
lines are separated by 0.25 MeV and the γ plane is marked at 15◦ intervals. Dark
(blue) regions represent low energy.
negative parity bands (with different configurations) can be obtained from the rigid
rotor plots, which are shown in Figure 6.4 (b) and (e). At maximum spin value, the
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Figure 6.4: Experimental and calculated energies relative to a rotating liquid drop
as a function of spin (rigid rotor plots) for the near yrast bands above 30h¯. (a) and
(b) positive parity states. (d) and (e) negative parity states. The energy difference
between the experimental states and the associated calculated states assigned by the-
ory is presented in (c) and (f) for the positive and negative-parity states respectively,
the differences in panel (f) are obtained when the negative parity bands 2 and 3 are
compared with configurations which are calculated a few hundred keV above yrast.
The calculated configurations are labelled in the standard way by the number of
h11/2 protons and i13/2 neutrons, but in addition by the number of d3/2s1/2 protons in
parentheses. Positive-parity states are connected by solid lines and negative-parity
states are connected by broken lines. Solid symbols correspond to (α = +1/2) and
open symbols to (α = -1/2). The aligned states are marked with large open circles
and suggested band crossings are indicated by thin dashed lines.
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configuration assignments for the observed states of the oblate nuclear shape (γ =
60◦) can be investigated from comparison between the experimental results and the
theoretical predictions using Tilted-Fermi-Surface diagrams as depicted in Figure 6.5.
The characteristics of the experimentally observed bands in 159Er will be discussed in
terms of the possible theoretical predictions and comparisons with the neighbouring
nuclei (Erbium isotopes) in the following sections.
6.5 Positive Parity Bands:
This section will discuss the characteristic structure and the configuration assignments
for the positive parity bands in 159Er. The signature partner positive parity bands
have been extended up to ultra-high spin and the assignment of the newly observed
gamma-vibration band provide a complete discussion for a systematic comparison
with neighbouring nuclei.
6.5.1 Yrast Band
The yrast band is the favoured signature of the positive parity band (+, + 1/2), based
on the occupation of the i13/2 odd nucleon in the [651]3/2
+ orbital. This was previ-
ously assigned in [Sim84], it is labelled (a) in Table 6.1 and Figure 6.2 a. Transitions
in the yrast band previously extended up to spin 105/2+, there was, also a parallel se-
quence branching out from the 85/2+ yrast state and was labelled as (+, +1/2)2, this
extended up to spin 101/2+ [Kon99]. The observation of the gamma-ray transitions
up to the highest spins 105/2+ and 101/2+, and the establishment of the multipolar-
ity of linking transitions (1342-keV, 1264-keV and 1304-keV) between states of the
yrast band and its high-spin parallel sequence (second 89/2+ to (101/2+)), helped
to provide a complete discussion for the structure of this band in detail up to the
terminating state. Experimental alignment plots of the yrast band and its high-spin
parallel sequence labelled (+, +1/2)2 are presented in Figure 6.6, in which, the yrast
band has an initial alignment of ∼ 5h¯.
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Figure 6.5: Single particle energy of the sloping Fermi surfaces as a function of the
projection angular momentum, for protons and neutrons at the deformation specified
in the figure, which is typical for the terminating configurations in 159Er. The orbitals
are labelled by subshells, but some of these sub-shells are strongly mixed so that, for
example, the neutron h9/2f7/2 or the proton g7/2d5/2 orbitals are treated as one entity.
In the fully aligned proton 16+ state and neutron 69/2+ state, all orbitals below
the sloping Fermi surfaces drawn by thick lines are occupied. It is then indicated
by arrows how favoured lower spin aligned states can be formed if one neutron is de-
excited to an anti-aligned orbital and how higher spin favoured states are formed when
one proton is excited across the Z = 64 gap. With the present A = 150 parameters
[Ben90], the m = ±1/2 and m = ±3/2 states of the proton h11/2 subshell and those
labelled d3/2 are very close to degenerate. Therefore, the d3/2 states are drawn at a
somewhat higher energy to make the figure easier to read.
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Figure 6.6: The experimental aligned angular momentum (alignment) as a function of
rotational frequency for the positive parity bands in 159Er: yrast band and its high-
spin parallel sequence labelled (+, +1/2)2, Band 1 and branching above (87/2
+),
labelled (+, −1/2)2, and the γ-band. The Harris parameters of J0 = 27.8 MeV−1 h¯2
and J1 = 45 MeV
−3 h¯4 have been used.
This reflects its one quasiparticle configuration a at low spin, with the odd neutron in
the [651]3/2+ orbital. The predicted alignment of the first pair of (i13/2)
2 neutrons, the
ab crossing at rotational frequency ∼ 0.24 MeV/h¯, as shown in Figure 6.2 a, is Pauli
blocked. Instead, this band undergoes the gradual alignment (∼ 6.3h¯) of the second
pair of (i13/2)
2 neutrons, labelled bc, at rotational frequency ∼ 0.36 MeV/h¯ followed
by the alignment (∼ 5.8h¯) of the first pair of (h11/2)2 protons, the AB crossing, at
rotational frequency ∼ 0.46 MeV/h¯. As a consequence of both neutron and proton
crossings the band gains an alignment angular momentum of approximately (∼ 12h¯)
[Sim87], and its structure changes to a five quasiparticle configuration abc⊗AB as
in Table 6.2. Abrupt changes, at higher rotational frequencies, take place within the
yrast band, around 0.6 MeV/h¯, as a consequence of a change in the structure to a
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Figure 6.7: Dynamic moment of inertia J (2) of the experimental data as a function of
rotational frequency for the positive parity bands in 159Er compared to the deformed
rigid-body rotor ∼ 72h¯2/MeV is shown.
non-collective oblate mode before the band reaches to terminating states. All the
above mentioned changes in the structure of this band can be emphasized through
the irregular variations of the dynamic moment of inertia relative to the rigid-rotor
moment of inertia, as illustrated in Figure 6.7. However, the values of J (2) in Figure
6.7 for the (+, +1/2)2 decay sequence are lower than the rigid-rotor value, which
reveals that the structure becomes yrast quickly when it extends up to the 101/2+
state. The experimental rigid-rotor plots in Figure 6.8 clearly show the states at
the highest spin values are part of a down sloping sequence and favoured in energy
close to or at the terminating states. This behaviour was suggested by Kondev et al.
in [Kon99]. The interpretation is that it is similar to the structure of the favoured
oblate state configurations in 158Er at 40+ ⇒ [pi(h11/2)4]16+⊗ν[(i13/2)2(h9/2)2(f7/2)4]24+
to 46+ ⇒ [pi(h11/2)4]16+ ⊗ ν[(i13/2)2(h9/2)3(f7/2)3]30+ with alignment of the extra odd
neutron residing in the next available orbital [ν(i13/2)
1]9/2 in the case of
159Er.
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The behaviour of 159Er, at the highest angular momenta observed in the yrast
band, can be interpreted from the results of PES calculations for the chosen con-
figurations pi(h11/2)
4 ν(i13/2)
3, which are presented in Figure 6.3. The configuration
starts out at low spin near γ ∼ 0◦, and the minimum energy for spin 85/2+ is lo-
cated at γ ∼ 35◦, the state 85/2+ appears collective with this configuration. The
theoretical predictions for the structure of lower yrast states show that collective
behaviour is expected. At higher spins, a well defined minimum with γ = 60◦ (non-
collective oblate) is predicted to occur at 89/2+, 101/2+ and 109/2+. The γ =
60◦ minimum energy, at 89/2+ and 101/2+ corresponds to the structure of the sec-
ond 89/2+ and 101/2+ states in the (+, +1/2)2 decay sequence, the latter state
was attributed to a fully aligned terminating state determined in reference [Kon99],
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which is constructed from full alignment of the spin vectors in the valence configu-
ration [pi(h11/2)
4]16+ ⊗ ν[(i13/2)3(h9/2)3(f7/2)3]69/2+ . Similarly, the former state is con-
structed with anti-alignment of one spin vector (a pair of h9/2 valence neutrons are
anti-aligned), and its configuration will be [pi(h11/2)
4]16+ ⊗ ν[(i13/2)3(h9/2f7/2)6]57/2+ .
Moreover, within the constraints of the pi(h11/2)
4 ν(i13/2)
3 configuration, the minimum
energy has been observed at 109/2+ with γ = 60◦. The appearance of this state is a
clear indication for states with higher-spins than the 101/2+, and existence of a new
termination state in the yrast band (109/2+), which has not yet observed experimen-
tally. The formation of states at or near terminating states in 159Er is illustrated in
a sloping Fermi surface diagram for protons and neutrons in Figure 6.5. The fully
aligned 101/2+ state is formed from full alignment of valence protons [pi(h11/2)
4]16+
and neutrons ν[(i13/2)
3(h9/2)
6(f7/2)
6]69/2+ . Starting from this state, the state 89/2
+
is formed when one valence neutron de-excites within the h9/2f7/2 orbital from an
m = 5/2 state to an m = −7/2, illustrated by an arrow in lower panel to form the
aligned neutron 57/2+ state. Also the new terminating state 109/2+ is formed by ex-
citing a proton from below the Z = 64 gap from m = −5/2 state in d5/2g7/2 orbitals
to the m = 3/2 state in the d3/2 orbital.
The rigid rotor plots of the experimental data, the CNS calculations at different
configurations above spin 30h¯ for the yrast band and the difference between the
calculated and experimental values are presented in the right panels of Figure 6.4 (a),
(b) and (c) respectively. The CNS calculation with the pi(h11/2)
4ν(i13/2)
3 configuration
is consistent with the PES prediction for the terminating states marked with solid
square enclosed in open circles for both cases [4(0), 3] and [4(0), 3], and describes
the (+, +1/2)2 decay sequence well, with the aligned states at 89/2
+ and (101/2+)
illustrated in Figure 6.3. The most probable configuration to build the (+, +1/2)
yrast states for I ≥ 89/2+ is pi(h11/2)6 ν(i13/2)3 with two additional h11/2 protons. The
difference in the slopes between the calculated and experimental rigid rotor plots in
Figure 6.4 (c), for spin values I = 30 - 40h¯ may be related to the pairing correlations
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that are not included in the calculations.
6.5.2 Band 1
Band 1 was established as the unfavoured signature partner (+, -1/2) of the yrast
band, based on the odd neutron occupying the next i13/2 Nilsson [651]3/2
+ state.
It lies at excitation energy of 136-keV above the yrast band [Sim84], and is labeled
as the b orbital in Table 6.1 and Figure 6.2 a. The analysis in the present work
has increased the observed transitions from 43/2+ up to (91/2+). The alignment
and the dynamic moment of inertia plots in Figure 6.6 and 6.7 reveal the occur-
rence of changes in the structural behaviour of this band at rotational frequencies
∼ 0.38 MeV/h¯ and ∼ 0.44 MeV/h¯ respectively. The interpretation for the struc-
ture change at ∼ 0.38 MeV/h¯ is attributed to the alignment of the third pair of
(i13/2)
2 neutrons, the (ad) neutron crossing, with gain in alignment of ∼ 7.4h¯ rel-
ative to its initial alignment of ∼ 3.6h¯. This is lower than of the yrast band as
expected. The occurrence of the ad neutron crossing was predicted from the Cranked
Shell Model calculation at around the same rotational frequency [Sim84]. Figure
6.2 (a) explains the interaction between a and d quasineutron orbitals, which are
plotted with dotted lines. A sharp up-bend at rotational frequency ∼ 0.44 MeV/h¯
follows the ad neutron crossings. This is a consequence of the alignment the first
pair of (h11/2)
2 protons (AB) with a gain in alignment of ∼ 7.1h¯. Thus the struc-
ture of the band changes to five quasiparticle configuration bad ⊗ AB as given in
Table 6.2. At a rotational frequency near to ∼ 0.58 MeV/h¯, the structure of band
1 suddenly changes, the (87/2+) state branches to the two highest observed states
(91/2+), see level scheme in Figure 5.1 or Figures 6.4 (a), 6.6, 6.7 and 6.8. The lower
energy observed state (91/2+) which decays via 1008-keV transition, marked with
open square in Figures 6.4(a), 6.6, 6.8 and 6.7, has a behaviour that appears simi-
lar to the terminating states in the (+, +1/2)2 decay sequence observed in the yrast
band. The formation of the 91/2+ terminating state can be explained from the sloping
Fermi surface diagrams, see Figure 6.5. Similar to the state 89/2+, the lowest-energy
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aligned 91/2+ state can be constructed when a pair of f7/2 valence neutrons are anti-
aligned through the de-excitation of one valence neutron within the h9/2f7/2 neutron
orbitals from an m = 3/2 state to an m = −7/2 (indicated by an arrow in the lower
panel of the Figure 6.5), to form the aligned neutron state 59/2+, and suggesting
the [pi(h11/2)
4]16+⊗ν[(i13/2)3(h9/2f7/2)6]59/2+ configuration for the 91/2+ aligned state.
This interpretation is supported by the theoretical prediction of an aligned state
41+ state, which is constructed from the [pi(h11/2)
4]16+ ⊗ ν[(i13/2)2(h9/2)3(f7/2)3]25+
configuration, the aligned state should be observed in neighbouring nucleus 158Er
[Sim94]. However, this state has not yet been observed experimentally. Therefore
the lowest-energy (91/2+) state in band 1 is possible candidate for an aligned oblate
state in 159Er, this suggestion is consistent with the results of CNS calculations with
a pi(h11/2)
4 ν(i13/2)
3 configuration, [4(0), 3], as shown in Figure 6.4 (b), the aligned
state (91/2+) is marked with open square enclosed in the large open circle. Further-
more the CNS calculation predict the observation of higher aligned states than the
spin (91/2+) in Band 1.
6.5.3 Gamma-Band
It is possible that the new band observed at an excitation energy of 764-keV higher
than that of the yrast band, and connected via a high-energy gamma-ray transition
to the yrast band, labelled as Gamma-Band in Figure 5.1, has the same signature
and parity as the yrast band (+, +1/2). Thus the possible interpretation for the
configuration of this band may be that the band is based on a vibrational excitation
coupled to the occupied i13/2 neutron a in the [651]3/2
+ Nilsson orbital of the yrast
band. This suggestion is supported by the angular intensity ratio measurement for
most of the decay out transitions to the yrast band. The systematics of the excitation
energy for the 2+ and 4+ yrast states (the energy and spins of the corresponding yrast
2+ and 4+ states for the odd-A erbium isotopes have been plotted relative to the 13/2+
yrast state), and the positive parity low lying states for K = 2 gamma-vibrational
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Figure 6.9: Systematics for the 2+; 3+; 4+; 5+ and 6+ states of the bands based on
γ-vibrational excitations for 156Er [Ree11], 157Er [Gal95], 158Er [Sim84], 159Er, 160Er
[Dus06], and 162Er [Jan77]. Also included are the values for the yrast 2+ and 4+
states. The energies and spins of the bands observed in the odd-A isotopes are given
relative to the lowest-lying state of the yrast band with 13/2+.
bands in neighbouring erbium isotopes with N = 88 through to N = 94 are pre-
sented in Figure 6.9. This reveals that the level energies for the gamma-band in 159Er
show good agreement with the systematics for the corresponding states identified in
those neighbouring isotopes. This supports the assignment of this band as gamma-
vibrational band. Figures 6.6 and 6.7 show the alignment and dynamic moment of
inertia plots respectively, in both plots the nature of this band appear more complex
than the other bands. Its structural behaviour in the rotational frequency domain ∼
0.2- 0.35 MeV/h¯ is unclear (upturn with gain in alignment of ∼ 4.2h¯), this upturn
with increasing rotational frequency is followed by two gains in the aligned angular
momentum of ∼ 3.8h¯ and ∼ 4.2h¯, at ∼ 0.41 MeV/h¯ and ∼ 0.5 MeV/h¯ crossing
frequencies respectively. The crossings are interpreted as delayed (bc) neutron and
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(AB) proton crossings, which occur slightly higher than the crossing frequencies in
the yrast band because the deformation of the gamma-vibrational band is slightly
different from deformation the yrast band.
The energy of the 23/2(+) state in 159Er has been plotted in Figure 6.9, with the
energies of the 5+γ gamma-vibrational states observed in the even-even neighbouring
isotopes, the energy of this state is quite similar to the odd-spin gamma-vibrational
states. Therefore a possible candidate for the 5+γ gamma-vibrational state in
159Er is
the 23/2(+) state. The rigid rotor plot in Figure 6.8 shows the energy of the 23/2(+)
state, marked with an open diamond, which is associated with the decay out transition
of band 7 in the level scheme of Figure 5.16. The energy of this state is tracked on
the gamma-vibrational band, see Figure 6.8.
6.6 Negative Parity Bands:
This section is devoted to interpreting the structure of the negative parity bands
in 159Er. The extensions of the previously known bands, Bands 2, 3 and 4, and
the observation of the new bands, Bands 5 and 10, in the current work, shown in
Figure 5.2, allow us to assign configurations to the bands, and also relate the crossing
frequencies to the structure of the observed bands according to the predictions of
the single-particle model for the unpaired system described in [Ril88] and the CSM
calculations.
6.6.1 Band 2
Band 2 (−, +1/2), has previously been assigned to the occupying of the h9/2 Nilsson
[521]3/2− orbital by the odd neutron with the (e) configuration according to the CSM
calculation [Sim84, Del87]. This band is of the favoured signature and considered as
the ground state band in 159Er. The alignment plots in Figure 6.10 show that at low
spins this band exhibits collective rotational motion. The band crossing at rotational
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Figure 6.10: The aligned angular momentum (alignment) as a function of rotational
frequency for Band 2, Band 3 and its high-spin parallel sequence labeled (−, −1/2)2.
The Harris parameters of J0 = 27.8 MeV
−1 h¯2 and J1 = 45 MeV−3 h¯4 have been used.
frequency ∼ 0.24 MeV/h¯ is followed with a gain in alignment of ∼ 8.4h¯. This gain
in alignment is consistent with the initial aligned angular momentum of the (a) and
(b) quasi-neutrons in the signature partner positive parity bands discussed in section
5.4. Therefore the alignment was attributed to the first pair (i13/2)
2 neutrons (ab).
This alignment resulted from the weak interaction strength between one and three
quasiparticle (e → eab) bands [Sim84, Del87], see Figure 6.2 a. At a rotational
frequency of 0.43 MeV/h¯, Band 2 experiences another crossing (up-bend), which
causes a gain in alignment of ∼ 5.3h¯, as a result of alignment of the first pair of h11/2
protons (AB). The AB crossing frequency and gain in the alignment in Band 2 and
the yrast band are not of the same value (slightly lower in Band 2), because both
bands are based on different deformation and configuration. Band 2 is of the eab ⊗
AB configuration, while the yrast band is of the abc ⊗ AB configuration. The crossing
frequency of the (ab) quasi-neutrons and the (AB) quasi-protons are consistent with
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of spin for the negative parity bands in 159Er: Band 2, Band 3 with its high-spin
parallel sequence labelled (-, -1/2)2, Band 4, Band 5 and Band 10.
the predictions of the CSM calculations shown in Figure 6.2 (a) and (b). Further-
more, Band 2 experiences sharp back-bending at a rotational frequency of ∼ 0.55
MeV/h¯, with a gain in alignment of ∼ 6.3h¯. This anomalous observation is known as
an unpaired band crossing, ubc, see table 6.2. The interpretation of this crossing is
outlined in a simple single-particle model in [Ril88], explained by Riley et al. For the
first time, in an unpaired system the crossing occurs between bands based on specific
single neutron configurations, that resulted from an exchange of occupation between
a pair of neutrons in the (pi, α) = (-, -1/2)1 and (-, +1/2)2 orbitals, and the (pi,α) =
(+, +1/2)1 and (+, -1/2)1 orbitals.
In Band 2, the highest-spin state observed experimentally is the (105/2−) state,
through the observation of a new transition of 1188 keV. The experimental alignment
and rigid rotor plots in Figure 6.10 and 6.11, respectively, show that the state (105/2−)
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appears not to follow the smooth continuation of Band 2. CNS calculations have been
performed to construct the high spin negative parity states in Band 2 (−, +1/2).
Configurations with an odd number of h11/2 protons and i13/2 neutrons were favoured
in these calculations, as shown in Figure 6.4 (e) for the configurations labelled with
[7(1),3], [5(1),3] and [5(0),3]. The calculation gives a possible explanation for the band
crossings observed in Band 2, and also suggests that the lowest energy state 109/2−
is a fully aligned terminating state. This lowest-energy aligned state 109/2− can be
constructed by exciting a proton below the Z = 64 gap from anm = −5/2 state in the
d5/2 orbital to them = 3/2 state in the h11/2 orbital, to form the fully aligned negative-
parity state [pi(d5/2)
−1pi(h11/2)5]20− for the proton configuration, which couples to the
ν[(i13/2)
3(h9/2)
3(f7/2)
3]69/2+ neutron configuration, as illustrated in the top panel of
Figure 6.5. In spite of the fact that odd number configurations are lowest in energy
and favoured in calculation, as explained in Figure 6.4 (e), they are not assigned to
the experimental observed negative parity band, Band 2, because this band is based
on the occupation of the h9/2 neutrons in the [521]3/2
− negative parity orbital and
interpreted at intermediate spin values in the paired regime as having negative parity,
according to the discussion above of its alignment properties and comparison with
the Cranked Shell Model calculations, see Figure 6.2 (a) and 6.10. Therefore, Band
2 is determined to have an even number of both h11/2 protons and i13/2 neutrons, and
the CNS calculation with two and four i13/2 neutrons for the configurations labelled
[6(1), 2] and [6(1), 4] in Figure 6.4 (e), produces the observed band crossing at I ≈
40 h¯. The observation of such a crossing without the contribution of pairing supports
the interpretation of the unpaired band crossing described in [Ril88]. Moreover, the
calculation with an even h11/2 proton configuration, labelled [4(0), 4] and [6(1), 4]
in the Figure 6.4 (e), suggest that the discontinuity observed at the highest spin
value (105/2−) observed experimentally in this band, corresponds to the full spin
alignment [pi(h11/2)
4]16+⊗ν[(i13/2)4(h9/2f7/2)5]73/2− in the valance space configuration.
In the calculations, the relative energies are wrong by approximately 500 keV but
this is not unexpected for configurations which differ by a 2p-2h excitation.
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6.6.2 Band 3
Band 3 has previously been interpreted as being based on the occupation by the
odd neutron of the h9/2, [521]3/2
− Nilsson orbital with the (f) configuration [Sim84,
Del87]. Assignment of new transitions has led to new states in this band between
15/2− and 27/2− in the present work, see Figure 5.2, that provide further evidence
for the interpretation of this band as the negative (-, -1/2)1 signature partner of Band
2. The alignment plots in Figure 6.10, and discontinuities in the dynamic moment
inertia relative to of the rigid body moment of inertia for 159Er nucleus, as shown in
Figure 6.12, show that the structure of this band is similar to the Band 2. The band
undergoes the (ab) (i13/2)
2 neutron crossing at rotational frequency ∼ 0.24 MeV/h¯,
with an alignment gain of ∼ 8.6h¯, which is followed by the alignment of the first
pair (h11/2)
2 protons (AB) at a rotational frequency of the ∼ 0.43 MeV/h¯, with a
∼ 5.0h¯ gain in the aligned angular momentum. Also the new high-spin transitions
observed at the top of this band indicate a branching in the (-, -1/2)2 sequence at
the 79/2− state at a rotational frequency of ∼ 0.6 MeV/h¯. The new (83/2−) and
(87/2−) states have very similar energies to the corresponding states in Band 3, as
presented in Figure 5.2. The rotational properties of these states in Figures 6.10, 6.11
and 6.12 are labelled with green solid squares. The large discontinuity in dynamic
moment of inertia of this (-, -1/2)2 branch at ∼ 0.6 MeV/h¯, as shown in Figure
6.12, may indicate the crossing that was predicted by Riley et al. [Ril88] for Band 3,
which is interpreted as an exchange of a pair of neutrons from the (pi, α) = (-, -1/2)2
and (-, +1/2)1 orbitals, with the (pi, α) = (+, +1/2)1 and (+, -1/2)1 orbitals. The
CNS calculation with two and four i13/2 neutrons configurations, labelled [6(1), 2] and
[6(1), 4] in Figure 6.4 (e) predict a delayed crossing between the configurations in this
branch, but at a spin value which roughly coincides with the highest observed spin in
Band 3. This suggests that Band 3 needs to be observed to higher spin values to test
these predictions. This interpretation is supported with experimental observations
for Band 3, which does not appear to terminate at the highest observed spin values,
as shown in Figure 6.11.
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Figure 6.12: Dynamic moment of inertia J (2) of the experimental data as a function
of rotational frequency for the negative parity bands in 159Er: Band 2, Band 3 with
its high-spin parallel sequence labelled (-, -1/2)2, Band 4, Band 5 and Band 10.
6.6.3 Band 4
Band 4 has the same signature and parity as Band 2, and depopulates strongly
through the 640-keV and 540-keV to Band 1 and Band 2 at levels 23/2+ and 25/2−
respectively. This band has previously been assigned in terms of the next higher-lying
negative-parity positive-signature quasineutron configuration (g) originating from the
h9/2 [523]5/2
− Nilsson orbital [Del87]. The initial alignment of ∼ 6.9h¯ at rotational
frequency ∼ 0.24 MeV/h¯ in Figure 6.13 suggests the configuration (gab) for Band 4.
The gain in alignment of this band appears to be increasing gradually with increasing
rotational frequency, and then experiences a band crossing at distinct rotational fre-
quency ∼ 0.46 MeV/h¯, which is higher than of the second crossings in Bands 2 and 3
(based on the (e) and (f) configurations at low rotational frequencies, respectively).
On the other hand, its alignment is ∼ 2h¯ higher than that of Band 2 and 3. A possible
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Figure 6.13: The aligned angular momentum (alignment) as a function of rotational
frequency for Band 2, Band 4 and Band 10.
reason for this may lie with the (f7/2h9/2)
2 (ef) crossing occurring at roughly the same
rotational frequency as the (AB) crossing, and the structure of the band changes to
seven quasiparticle configurations gab→ gabef ⊗ AB as explained in table 6.2.
6.6.4 Band 5
The first four transitions in Band 5 have previously been observed [Del87], see Figure
5.2. In the present work, using the triple (double) gate coincidence techniques this
new band has been tentatively extended up to state (73/2−) and its band head is now
assigned to a 29/2− state, and linked with the Band 2 through the new 654 keV E2
transition. The negative-parity positive-signature nature of this new band suggests
that its structure is either based on the next higher-lying configuration (h), or, that it
is a continuation of Band 2, based on the (e) configuration beyond the (ab) crossing.
The later interpretation was speculatively suggested by Deleplaque et al. [Del87].
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Figure 6.14: The aligned angular momentum (alignment) as a function of rotational
frequency for Band 2, Band 5 and Band 10. The Harris parameters of J0 = 27.8
MeV−1 h¯2 and J1 = 45 MeV−3 h¯4 have been used.
The alignment characteristics of Band 5 lend weight to this assignment, with the
initial alignment of ∼ 7.0h¯ suggesting a smooth continuation of the (e) configuration,
which possibly undergoes a second (i13/2)
2 neutron alignment (bc) at rotational fre-
quency ∼ 0.27 MeV/h¯, see Figure 6.14. The gain in alignment at rotational frequency
∼ 0.4 MeV/h¯ in Band 5 is ∼ 2h¯ lower than that of Band 2, and may be attributed
to the AB (h11/2)
2 proton crossing, which will occur at a lower rotational frequency
for this band because it lies higher in excitation energy than Band 2 and the other
negative-parity bands.
116
6.6.5 Band 10
In the present work, a new band (Band 10) of low intensity gamma-ray transitions has
been observed, which feeds into the moderate-spin (49/2+, 53/2+) and (51/2−, 55/2−)
states of the yrast band and Band 3 respectively. Band 10, has been deduced to be of a
negative-parity and negative-signature nature, through assignment of electromagnetic
character of the 1143-keV linking transition to Band 3, as an E2 transition. This
assignment would suggest that Band 10 is the signature partner of either Band 4 or
Band 5. The alignment plots of Figure 6.13 and 6.14 do not give a clear indication as
to which interpretation is most likely, however, Figure 6.11 show that Band 4 lies at
a lower excitation energy than Band 5, and, therefore, Band 10 may be the unfavored
signature partner of Band 4. Band 10 has an initial alignment of ∼ 13h¯, which is
higher than the initial alignments of all the observed bands in 159Er. This suggests
that Band 10, is based on at least a three- or five-quasiparticle configuration. If
structure of Band 10 is considered as the unfavored signature of Band 4, then its initial
alignment may be attributed to the (habef) configuration. The Figures 6.12, 6.13 and
6.14 show that this aligned structure experiences a further quasiparticle alignment at
a rotational frequency of ∼ 0.53 MeV/h¯ with a gain in alignment of ∼ 3.7h¯. This
crossing may be attributed either to a delayed crossing of the (h11/2) proton pair
(AB) or to the unpaired band crossing involving exchange a pair of neutrons between
positive-parity and negative-parity signature partner bands, as discussed in section
6.6.1 and 6.6.2. However, in the absence of the low-spin structure of this band, these
interpretations are speculative.
6.7 Strongly Coupled Structure Bands:
The structure of the strongly coupled signature-partner Bands (6 & 7) and (8 & 9) ob-
served in 159Er, has previously been discussed in [Sim98]. The proposed configuration
of the coupled structures was based on several experimental observations: absence of
the occurrence of the AB (h11/2)
2 proton crossing in the coupled structures,
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similarity in the intensity of different multiple character gamma-ray transitions at
the bottom of the bands, the dipole nature of the assigned (806-keV, 1072-keV and
1270-keV) and non-assigned (1445-keV and 1795-keV) decay-out transitions from
Bands 6 and 7 to the low-K yrast structures, and hindered decays from Bands 8
and 9 to the low-K yrast structures. These all indicate that the coupled bands are
constructed at high-K values and are based on the excitation of multi-quasiparticles
involving the h11/2[523]7/2 and and g9/2[404]7/2 proton configurations coupled to the
odd neutron, see table 6.2. The quasiparticle assignments have been strengthened by
the experimentally measured reduced transition probabilities B(M1)
B(E2)
in the strongly
coupled bands, extracted from branching ratios of the ∆I = 1 and ∆ I = 2 competing
gamma-ray transitions measured by putting a double (triple) coincidence gate on the
transition (transitions) above each level of interest and using the following equation:
B(M1;I→I−1)
B(E2;I→I−2) = 0.697
(Eγ)5(I→I−2)
(Eγ)3(I→I−1) × 1λγ(1+δ2) (µN/eb)2 (6.4)
where Eγ is the energy of the gamma-ray transition measured in MeV, λγ is the
branching ratio defined as the intensity ratio λγ =
Iγ(I→I−2)
Iγ(I→I−1) of the ∆I = 1 and ∆I = 2
competing gamma-ray transitions measured by putting a triple (double) coincidence
gate on the transition above each level of interest, and the multipole mixing ratios
δ(E2/M1) is assumed zero.
The experimental results for the reduced transition probability ratios were com-
pared with the theoretical predictions of the semi-classical model of Do¨nau and
Frauendorf [Don87] and [Fra81]. The parameters summarised in Table 6.3 were used
in the calculation for quasiparticles which are associated with the configurations of the
coupled bands. The experimental and the calculated results for B(M1)/B(E2) ratio
are presented in Figure 6.15. As can be seen from Figure 6.15 the calculated values
from proposed configurations are expected to be consistent to some extent with the
experimental data, and support the assignment of the configurations. The structure
of the strongly coupled bands in 159Er was interpreted previously by Simpson et al.
[Sim98].
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Figure 6.15: Measured reduced transition probability ratios B(M1)/B(E2) for the
strongly coupled bands in 159Er, with theoretical calculations using the parameters
illustrated in Tables 6.3 for the given configurations.
Protons Neutrons
Nilsson State gΩ i Ω
pi Nilsson State gΩ i Ω
pi
g7/2[404]7/2
+ 0.739 0.5 7/2+ i13/2[651]3/2
+ −0.177 5.015 3/2+
h11/2[523]7/2
− 1.214 2.3 7/2− h9/2[521]3/2− 0.209 1.446 3/2−
(i13/2)
2[651]3/2+ −0.26 8.780 0
Table 6.3: The parameters were used in B(M1)/B(E2) calculation for the coupled
bands in 159Er.
In the next two subsections 6.7.1 and 6.7.2, the configurations and changes in
the structure of the strongly coupled bands in the present experimental data will be
interpreted in terms of the aligned angular momentum and dynamic moment of inertia
relative to of the rigid body rotor with rotational frequency, as shown in Figures 6.16
and 6.17 respectively.
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Figure 6.16: The aligned angular momentum (alignment) as a function of rotational
frequency for the strongly coupled bands in 159Er, with yrast band and Bands 2 and
3 with its high-spin parallel sequence labelled (-, -1/2)2. The Harris parameters of J0
= 27.8 MeV−1 h¯2 and J1 = 45 MeV−3 h¯4 have been used.
6.7.1 Bands 6 and 7
The configuration of Bands 6 and 7 at low rotational frequency has previously been
assigned to the h11/2[523]7/2 and g7/2[404]7/2 protons coupled to the i13/2[651]3/2
neutron, a ⊗ AE(F) configurations. In this strongly coupled structure, the initial
alignment in Band 6 is ∼ 5.7h¯ and in Band 7 is ∼ 6.2h¯. The gradual increase of
alignment with rotational frequency and the ∼ 9.5h¯ and ∼ 8.7h¯ gain in alignment
at rotational frequency ∼ 0.344 MeV/h¯ and ∼ 0.352 MeV/h¯ was attributed to the
alignment of the (i13/2)
2 neutron pair (bc) crossing for both bands, see Figure 6.16,
which illustrates the alignment of the strongly coupled bands and the bands based
on the quasineutrons contributing to the configuration of the strongly coupled bands.
In the present work, as a consequence of the observation of new transitions in this
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Figure 6.17: Dynamic moment of inertia J (2) of the experimental data as a function
of rotational frequency for the strongly coupled bands in 159Er.
coupled bands, Bands 6 and 7 have been extended up to spins (91/2−) and (85/2−),
and an additional parallel sequence branching off from the 77/2− state in Band 7 has
been observed up to spin (89/2−). At high rotational frequency ∼ 0.59 MeV/h¯ Band 6
experiences a sharp up-bend and gain in alignment, and at a slightly lower frequency
the alignment in Band 7 becomes irregular and the parallel branch is observed at
the same rotational frequency (∼ 0.59 MeV/h¯ ), see Figure 6.16. The change in
band structure at this rotational frequency is attributed to the alignment of a second
and third pair of protons, at the BC and AD proton crossings respectively. These
crossings are predicted to occur around this rotational frequency in CSM calculations
for quasiprotons, see Figure 6.2 b, and may be cause of these observations. Also, all
the changes in the structure are illustrated in Figure 6.17, through the discontinuity
of the dynamic moment of inertia of the strongly coupled bands relative to the rigid-
body rotor.
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6.7.2 Bands 8 and 9
The strongly coupled Bands 8 and 9 have previously been discussed in terms of the
AE(F) proton configurations coupled to the odd neutron residing in the h9/2[521]3/2
−
Nilsson state (e). Thus these coupled signature partner bands were assigned a positive
parity [Sim98]. The spin assignments deduced for these bands suggested that an
initial configuration of eab ⊗ AE(F) is appropriate for a high initial alignment of ∼
10h¯, see Figure 5a in the previous work [Sim98]. From the present work, assignment
of a dipole character to the new connecting transition between Bands 8 and 6 of
gamma-ray energy 834-keV, confirm the previous spin assignments. Also through
the newly observed transitions at low spins, the bandheads of Bands 8 and 9 are
assigned (33/2+) and (31/2+), respectively, and a sharp gain in alignment observed
at rotational frequency ∼ 0.22 MeV/h¯ in both bands suggests the presence of the (ab)
crossing, which confirms the previous configuration assignments, see Figures 6.16 and
6.17. At high spins, an additional two and three new transitions have been observed
in the Bands 8 and 9 respectively. With these extensions the bands show gain in
alignment at crossing frequency of ∼ 0.48 MeV/h¯, see the same Figures. The first
proton crossing (AB) is expected to be blocked in Bands 8 and 9 similar to the Bands 6
and 7, because of the presence of (A) quasiproton in the configuration of these bands.
Therefore, these alignment gains could correspond to the BC and AD proton crossings.
However, the crossings in Bands 8 and 9 occur at lower rotational frequency than the
second and third proton crossings in Bands 6 and 7, and that predicted by the CSM
calculations as in Figure 6.2 b, which may be an indication that these configurations
have different deformations. It is interesting to note the unpaired band crossings
occur at this frequency region in the negative parity signature partner Bands 2 and
3, see discussion in sections 6.6.1 and 6.6.2. Since the neutron configuration of Band
2 is contributes to the structure these strongly coupled bands, the unpaired crossing
may well be expected Bands 8 and 9.
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6.8 Triaxially Strongly Deformed Band:
Two weakly populated rotational bands with high dynamic moments of inertia have
been previously observed in each of 157Er and 158Er. The bands bypass the termi-
nating states [Pau07], the interpretation for the structure of these bands was based
on Cranked Nilsson-Strutinsky Calculations, and the bands interpreted as triaxial
strongly deformed structures (TSD) with ε2 = 0.37 and γ = 25
◦ [Ril09]. In the
present experiment, three weeakly populated collective bands in 160Er [Oll09, Oll11]
and one band in 159Er [Oll09] were observed, with the same characteristic of the TSD
bands in 157,158Er isotopes. The structure of the bands in 159Er and 160Er have been
compared with CNS calculation and interpreted as triaxial strongly deformed (TSD)
structures at ε2 = 0.37 and γ ∼ ± 20◦ [Oll09], the detail of interpretation is discribed
in reference [Oll09]. The observed triaxial band in 159Er is labelld TSD1 in Figure
5.2. The excitation energy of this band, and tentative spin values are based on com-
parisions with CNS calculation [Oll09], also the in-band transitions were assumed as
of stretched E2 character. The dynamic moment of inertia (J (2)) of the TSD bands
in 157,158,160Er was extracted under similar assumptions. The J (2) for TSD1 in 159Er
is plotted with of all the TSD bands in 157,158Er and 160Er as a function of rotational
frequency in Figures 6.18 (a) and (b) repectevily. The experimental data of dynamic
moments of inertia (J (2)) in all TSD bands decrease with increasing rotational fre-
quency, and TSD1 band in 159Er similar to the TSD bands in 160Er and TSD2 band
in 158Er exhibit a rise in J (2) at a rotational frequency of ∼ 0.55 MeV/h¯. Theoretical
calculations with a positive-γ configuration predict the occurence this bump in J (2)
as a consequence of alignment of i13/2 neutrons at slightly lower rotational frequency
than the experiment in 159Er, on the other hand the calculation with negative-γ con-
figuration attributes the observed bump in the dynamic moment of inertia of the
experimental data, to proton crossing involving the Nosc = 5 h11/2 and h9/2f7/2 pro-
ton orbitals, at ∼ 0.4- 0.5 MeV/h¯ [Oll09]. Recent lifetime mearsurments of the TSD
bands in 157,158Er [Wan11] confirm that these bands are indeed strongly deformed.
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Figure 6.18: The dynamic moment of inertioa J (2) as a function of rotational fre-
quency for the triaxial band in 159Er (a) with the proposed TSD bands in 157,158Er
and (b) with the proposed TSD bands in 160Er isotopes.
However, the experimentally extracted transition quadrupole moment Qt values
are not consistent with the calculated favoured triaxial minimum of the positive-γ
deformation by CNS calculations. In fact, a more deformed positive-γ or a negative-
γ deformation gives better agreement. These recent experimental results highlight
a challenge for the understanding of the triaxial degree of freedom and suggest that
other theoretical approaches may need to be explored [Wan11]. Indeed, tilted crank-
ing models suggest that the rotational axis can lie between the intermediate and
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short principal axes. Thus, a rotational band may be associated with a mixing of the
positive- and negative-gamma minima and recent calculations by Shi et al., [Shi12]
discuss this issue and the structures responsible for the re-emergence of collectivity
at such high spin values (I = 50-60h¯).
6.9 Conclusion
A detailed spectroscopic study for the gamma-decays from excited states of 159Er
has been performed to understand the structural changes that occur with increasing
angular momentum and excitation energy. The current work has revealed, three new
rotational bands (γ-Band, Band 5 and Band 10), and extensions up to highest possible
spins are made to the previously reported bands in 159Er [Del87, Sim98]. Furthermore
extensions at low spin are made to fill a gap of 6h¯ in Band 3 with three new transitions
and to extend down the band-head spin of the strongly coupled Bands 8 and 9 by
2h¯. Assignments of band-head excitation energy and spin for the new bands, Band 4
and strongly coupled Bands 8 and 9 have been performed from angular intensity ratio
measurements for newly observed linking transitions. The band structures are based
on specific quasiparticle configurations discussed within the framework of the CSM.
In addition, a new γ-Band may be based on the γ-vibrational structure coupled
to the i13/2 yrast band. At the highest possible observed spins, ∼ 50h¯, there is a
strong evidence for the structure of the positive parity bands, yrast band and Band
1, and the negative parity band, Band 2, to be in agreement with interpretation for
favoured terminating sequences, which signify a change in structure from collective
prolate to single-particle oblate shapes. Indeed, the favoured positive-parity states
at 89/2+, 91/2+, and (101/2+) and the negative-parity (105/2) state, are interpreted
as the fully aligned terminating states from comparisons with CNS calculations. The
unpaired band crossing at h¯ω = 0.55 MeV/h¯ in Band 2, identified previously, is
confirmed in the CNS calculations. A band (TSD1) with a high moment of inertia
was also observed, which indicates a strongly deformed triaxial collective structure
beyond spin 50h¯, which had been previously interpreted from comparison with CNS
calculations [Oll09]. However, the exact nature of the gamma-Band between h¯ω ∼
0.2 and h¯ω ∼ 0.35 MeV/h¯ remains to be understood.
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